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SUMMARY  AND  USER  GUIDE 


lilts  lijiKlhouk  ouitams  mfomwtioii.  anjlystfs.  and 
re».(>MimcMd.iiiims  Intended  l»>  help  in  the  design  <>r 
pnKUieinen't  ol  imagery  inteipietalion  equipmeni.  Ilie 
material  ot  lliis  type  that  is  speeilk  t»i  imagery  displays 
appears  in  llitee  seelinns: 

• Section  .VO  Optical  Imagery  Displays 

• Section  4 0 l lecir.i-Opiical  Imagery  Displays 

• Section  .S.O  Special  Imagery  Display  Topics 

Tsso  other  sections  contain  inlormation  of  a more 
general  nature: 

• Section  6.0  Workstation  Design 

• Section  7.0  Facilities 

Hie  material  in  these  sections  falls  into  five  categories: 

• Recommendations  Tliesc  indicate,  as  precisely  as 
possible,  the  best  design  for  a display  feature.  They 
are  printed  in  bold  type  at  the  front  of  sections  where 
they  appear. 

• Supporting  Analyses  and  Data  Tliese  indicate  the 
basis  for  each  recommendation  and  allow  the  designer 
to  decide  the  applicability  of  a recommendation  to  a 
particular  situation.  In  some  cases,  these  analyses  and 
data  can  also  be  used  to  help  decide  if  a certain 
display  feature  is  worth  what  it  will  cost. 

• Scales  and  Nomographs  Tliese  are  included  to  facili- 
tate conversion  between  units  used  in  engineering  and 
those  used  when  describing  the  human  operator  of 
the  display. 

• Tutorial  Material -This  ia  general  background  material 
included  for  the  benefit  of  a reader  unfamiliar  with  a 
particular  topic. 


• References  These  are  included  at  the  back 
section  to  identify  the  source  for  the 
conclusion  cited  in  the  text,  or  to  identify  a 
sources  of  iiifoimaiion.  llie  letter  ratings  acc 
ing  many  of  the  references  are  described  it 
1.3. 

Tliere  are  several  ways  the  reader  can  locate  mi 

a particular  topic  within  this  handbinik. 

• Tables  of  Contents  Tliese  appear  at  the  fre 
book  and  at  the  beginning  of  each  major 
Some  contain  black  edge  marks  to  aid  in  fi: 
sections  listed. 

• Checklists  for  Specific  Displays  Section 
for  each  major  equipment  category,  tin 
features  the  designer  should  consider  and  tl 
or  figure  in  which  these  are  discussed. 

• Index  An  index  is  provided  that  permits  er 
to  the  subject  matter  contained  in  the  handl 

• Cross  References-Many  cross  references  art 
in  the  text  to  facilitate  locating  other 
material. 

The  other  two  sections  of  the  handbook  co 

following  material; 

• Section  8.0,  Glossary,  contains  definitions  ol 
the  technical  terms  used  in  the  text.  1 
italicized  the  first  time  they  appear  in  eac 
and  whenever  they  are  defined  within 
Section  8.0  also  lists  the  abbreviations  and  c 
factors  used  througliout  the  text. 

• Section  1.0,  Introduction,  provides  a summi 
imagery  interpretation  process  for  the  bene 
designer  who  is  not  familiar  with  this  top! 
summarizes  sources  of  trouble  in  other  dir 
suggests  some  techniques  for  evaluating  new 
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1.0  INTRODUCTION 


1.1  PURPOSE 

Tile  goal  ot'  this  hamll'ook  is  to  provide,  in  a coneise 
form,  informalion,  analyses,  and  reconimendations  use- 
ful in  the  design  and  proeurenieni  of  imagery  interpreta- 
tion equipment. 

Wlien  the  interpreter  and  the  equipment  are  made  more 
eompatihle  through  the  successful  application  of  the 
information  and  principles  discussed  here,  benefits  will 
occur  in  the  following  areas: 

• Improved  system  performance 


1.2  ASSUMPTIONS 

The  analyses  and  recommendations  in  this  handbook  are 
based  on  two  assumptions  about  the  display  user. 
Because  these  apply  so  frequently,  they  are  generally  not 
repeated.  They  are: 

• Normal  visual  ability  Unless  the  topic  under  discus- 
sion deals  specifically  with  the  impact  of  abnormal  or 
limited  vision  on  display  design,  the  display  user  is 


• Reduced  training  costs 

• Improved  utilization  of  personnel 

• l-cwcr  accidents 

• Fewer  errors  due  to  equipment  misuse 

• Increased  operator  acceptance  of  the  display 

• Improved  understanding  of  cost/benefit  design  trades 


assumed  to  have  a normal  visual  system,  possibly 
througli  the  use  of  corrective  spectacles. 

• Shirtsleeve  environment  The  display  will  be  used  in  a 
normal  office-type  environment.  As  a result,  no 
allowance  need  be  made  factors  such  as  arctic 
clothing  or  a pressure  suit.  This  assumption  primarily 
affects  display  dimensions'. 
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1.3  CONTENT 

Tlie  design  information,  analyses,  and  recommendations 
in  this  handbook  are  contained  in  five  sections,  3.0 
througli  7.0.  TItcse  five  sections  fall  into  two  groups  as 
follows: 

• Sections  3.0.  4.0,  and  5.0  contain  material  specific  to 
imagery  display  equipment. 

* Sections  6.0  and  7.0  contain  more  general  informa- 
tion that  applies  both  to  imagery  display  equipment 
and  to  most  other  situations  that  involve  a human 
operator.  Because  this  material  has  been  presented  so 
thoroughly  in  other  sources,  only  summaries  appear 
here.  If  more  detail  is  required,  the  references  listed 
in  each  section  should  be  consulted.  One  that  appears 
frequently,  the  /lunuiii  Engineering  (iuitle  to  Equip- 
ment Design,  edited  by  Van  Cott  and  Kinkade 
(available  from  the  U.S.  Ciovernment  Printing  Office) 
will  he  particularly  useful. 

Tltc  material  contained  in  Sections  3.0  through  7.0  falls 
roughly  into  five  categories: 

» Recommendations 

These  indicate,  with  as  much  precision  as  possible, 
the  best  design  for  a particular  display  feature.  To 
make  them  easier  to  locate,  they  are  printed  in  bold 
type  at  the  beginning  of  eav^  section. 

* Supporting  Analyses  and  Data 

These  serve  three  purposes.  First,  they  provide  an 
indication  of  how  much  support  exists  for  a particu- 
lar recommendation.  Second,  they  allow  the  reader  to 
decide  whether  a recommendation  developed  for  all 
imagery  displays  is  also  correct  for  a specific  device 
and  application.  Third,  they  can  be  used  to  help 
decide  if  a particular  display  feature  or  refinement  is 
worth  what  it  costs. 

• Scales  and  Nomographs 

Each  of  these  illustrates  the  relationships  among 
several  variables.  In  most  cases,  one  variable  is  a 
physical  unit  commonly  used  in  engineering  and 
another  is  a corresponding  physical  unit  commonly 
used  when  presenting  information  about  the  human 
operator.  As  a result  they  can  be  used  to  reduce  the 
work  involved  in  applying  the  design  recommenda- 
tions to  a specific  piece  of  equipment. 


• Tutorial  Material 

This  material  is  included  both  fur  the  benefit  of  a 
reader  unfamiliar  with  a particular  topic,  and  to 
provide  a consistent  terminology  for  use  when  dis- 
cussing design  recommendations. 

• References 

These  indicate  the  source  for  the  data  or  conclusion 
presented  in  the  text,  or  they  identify  additional 
sources  of  information  on  the  topic.  References  are 
listed  at  the  end  of  each  section.  The  letter  ratings 
which  follow  many  of  the  references  are  described  in 
Section  1.4. 

There  are  several  ways  to  determine  the  location  of 
material  on  a specific  topic  within  this  handbook.  Tliese 
are: 

• Tables  of  Contents 

Two  tables  of  contents  appear  at  the  front  of  the 
handbook.  Tlie  first  lists  the  major  sections  and 
includes  black  index  marks  at  the  edge  of  the  page  to 
aid  in  locating  sections.  Hie  second  lists  every 
numbered  section  in  the  handbook.  A table  of 
contents  also  appears  at  the  beginning  of  each  major 
section.  Wlien  the  section,  is  long,  these  also  include 
index  marks  at  the  edge  of  the  page. 

• Equipment  peature  Lists 

Section  2.0  lists,  for  each  class  of  imagery  display 
equipment,  the  specific  features  the  designer  should 
consider.  Tliese  lists  also  identify  the  section  or  figure 
in  the  handbook  where  design  information  on  each 
feature  can  be  found. 

• Index 

The  last  section  contains  a complete  index  that  lists 
the  location  of  terms  and  concepts  discussed  in  the 
text.  In  addition,  it  lists  the  terms  defined  in  the 
glossary. 

• Cross  References 

Extensive  cross  referencing  is  used  within  the  text  to 
indicate  location  of  other  relevant  material. 

Technical  terms  that  are  defined  in  Section  8.0,  the 
glossary,  are  italicized  the  first  time  they  appear  in  a 
section  and  are  also  italicized  when  they  are  defined  in 
the  text. 
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1.3  CONTENT  (CONTINUED) 

SlunJuril  molric  units  arc  used  wlicrever  possible,  fol- 
lowed by  lire  I'njdisli  equivalent,  (\invcrsion  values  are 
iiK'luded  in  Section  b.O.  \Mien  the  values  given  are  only 

1.4  EVALUATION  OF  REFERENCES 

The  approach  in  preparing  this  document  has  been  to 
work  from  original  research  reports  whenever  these  were 
available.  Secondary  sources,  and  conclusions  and 
recommendalions  presented  without  supporting  data  in 
otl'.er  handbooks,  have  been  used  only  when  better 
information  was  not  available. 

The  research  surnmari/ed  in  this  document,  though 
always  the  best  available,  varies  widely  in  quality  and  in 
relevance  to  tlie  topics  discussed  here,  in  order  to 
provide  the  reader  with  some  indication  of  how  much 
reliance  can  be  placed  in  each  set  of  lest  data  presented, 
one  of  the  following  ratings  has  been  assigned  whenever 
possible  to  the  study  in  which  the  data  was  collected: 

• A Iliglily  reliable  data  from  a well  designed  and 
conducted  experiment  utilizing  an  adequate  number 
of  subjects  from  a population  representative  of  the 
potential  display  user.  These  values  are  highly 
unlikely  to  change. 

• B Probably  reliable  data,  but  improvement  in  th^ 
data  collection  process  is  desirable.  These  values  will 
probably  show  only  small  changes. 

• C-  Fairly  reliable  data,  but  the  shortcomings  of  the 
experiment,  at  least  for  the  present  application,  may 
be  seriou.  With  additional  testing,  these  values  miglu 
change,  though  probably  not  drastically. 

• D-  Data  from  a small  experiment  that  miglit  better  be 
called  a pilot  study  or  preliminary  test.  Alsu,  data 
that  may  not  exactly  apply  to  the  topic  under 
consideration.  These  are  included  only  because  no 
other  data  on  this  particular  topic  are  available. 


approximate,  both  the  metric  and  t’nglish  value  have 
been  rounded,  making  the  conversion  differ  slightly 
from  the  exact  value. 


• X Keliability  of  the  data  is  unknown,  usually 
because  it  was  obtained  from  a secondary  source  that 
did  not  adequately  describe  the  original  experiment. 
Most  data  obtained  from  handbooks  fall  into  this 
category. 

• The  absence  of  a letter  rating  means  that  no 
evaluation  was  performed,  either  because  of  limita- 
tions on  resources  or  because  it  was  not  appropriate 
to  rate  the  reference. 

Some  of  the  factors  that  affect  the  reliability  and 
relevance  of  a set  of  experimental  data  to  a display 
application  are  discussed  in  Section  1.8.  In  addition,  it  is 
very  Important  to  keep  in  mind  the  impact  of  task 
ditTiculty.  both  in  the  test  situation  and  in  the  work 
situation.  In  general,  a difncult  task  is  much  more 
sensitive  to  variation  as  a result  of  viewing  conditions 
than  is  a simple  task.  As  an  example,  a subject  will  be 
able  to  read  large  higit-contrast  letters  at  the  same 
constant  high  rate  over  a much  larger  range  of  viewing 
conditions  than  if  the  letters  are  small  and  have  low 
contrast.  Similarly,  a target  search  test  in  which  all  the 
targets  have  been  specially  selected  to  be  difficult  to  sec 
will  result  in  a performance  loss  under  viewing  condi- 
tions that  would  not  cause  a measurable  change  with  a 
test  made  up  of  randomly  selected  targets.  As  another 
example,  the  benefit  from  viewing  imagery  in  stereo  is 
likely  to  be  too  small  to  measure  when  averaged  across 
many  randomly  selected  targets,  but  given  sufficient 
time  it  is  possible  to  find  selected  targets  and  to  ask 
selected  questions  about  those  targets  that  would  be 
extremely  difficult  to  answer  without  stereo.  As  a result, 
the  question  “Is  stereo  useful?”  has  a meaningful  answer 
only  in  the  context  of  a specific  application. 
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1.5  THE  DISPLAY  USER'S  TASK 

Ute  goal  in  dewrihing  the  imagery  interpretation  process 
in  this  section  is  to  provide  the  display  designer  with 
better  insigiit  into  the  problems  and  needs  of  the  display 
user. 

Most  of  the  material  in  this  handbook  applies  to  imagery 
displays  regardless  of  thei'  purpose.  This  section,  how- 
ever. is  limited  to  the  interpretation  of  imagery  to  obtain 
information  of  military  significance.  Wlien  reading  this 
section,  it  is  well  to  keep  in  mind  that  the  procedures 
followed  in  interpreting  imagery  vary  from  one  organiza- 
tion to  the  ne.xt  and  that  even  within  a single  organiza- 
tion there  are  likely  to  be  several  variations.  Asa  result, 
even  thougli  the  statements  made  here  are  very  general, 
there  are  sure  to  he  many  exceptions  to  them. 

Imagery  interpretation  can  be  divided  into  several 
general  categories.  However,  these  do  not  always  (Kcur, 
they  may  be  combined,  and  they  do  not  necessarily 
follow  the  sequence  in  which  they  are  described  below. 

• Quality  check- Wlien  the  imagery  reaches  the  inter- 
pretation facility,  there  may  be  a quick  scan  to 
determine  the  quality.  The  factors  of  Interest  include 
approximate  ground  resolution,  the  specific  ground 
areas  covered,  and  whether  these  are  obscured  by 
ground  fog  or  clouds. 

• Search  - Viewing  the  imagery  in  order  to  find  new 
targets  is  known  as  “search.”  Tlie  search  mi^t  be  for 
any  reportable  target,  or  it  might  be  limited  to  one 
specific  type  of  target.  The  search  might  be  per- 
formed in  two  steps,  the  first  very  rapid  and  directed 
toward  finding  only  very  higli -priority  targets,  and 
the  second  slower  and  more  thorough  in  order  to  be 
certain  that  all  targets  have  been  found.  The  search 
might  involve  either  a small  or  a large  area  on  the 
ground  or  on  the  imagery.  It  miglit  be  completed  in 
minutes  or  it  might  require  many  days.  The  latter 
case  is  generally  more  important  in  terms  of  man- 
power utilization.  Figure  1.5-1  summarizes  one 
approach  to  search. 

• Surveillance- It  is  sometimes  necessary  to  view  a 
kno'wn  target  on  the  imagery  in  order  to  report  any 
changes  that  have  occurred.  The  interpreter  may 
depend  on  a written  report  to  learn  wliat  was  on  the 
prior  imagery,  but  he  may  also  have  a copy  available. 


in  addition,  he  may  be  familiar  with  the  target.  Hie 
quality  of  the  coverage  of  each  known  target  may 
also  be  cataloged  for  use  in  case  of  a future 
requirement  to  retrieve  imagery  showing  this  target  as 
it  appeared  over  a period  of  time. 

• Interpretation  of  a new  target  Wlien  a new  target  is 
found,  it  is  studied  in  whatever  detail  is  justified  by 
its  importance  and  by  the  time  available.  Important 
or  difficult  to  interpret  targets  are  likely  to  be 
disci:ssed  with  supervisory-level  interpieters  and  per- 
haps with  experts  on  the  particular  type  of  target 
involved.  This  may  result  in  several  individuals  using  a 
single  display  in  quick  succession. 

• Reporting  a new  target  - Once  a new  target  has  been 
identified,  a report  on  it  must  be  prepared.  Tliis  may 
be  in  written  form,  or  it  may  be  composed  on  a 
computer  terminal  and  entered  directly  into  a data 
bank.  In  some  organizations,  the  report  goes  througli 
several  stages  of  editing  by  supervisory  personnel 
prior  to  being  released.  The  content  of  a typical 
report  is  described  below. 

• Mensuration-The  dimensions  of  details  in  a target 
may  be  measured  as  an  aid  in  identification  or  for 
inclusion  in  a report.  This  is  generally  done  on  a 
comparator,  and  the  imagery  dimensions  may  be 
converted  to  ground  dimensions  by  a computer 
connected  to  the  comparator.  'The  measuremerts  may 
be  made  by  the  interpreter,  or  by  an  individual  who 
specializes  in  operating  the  comparator. 

• Detailed  analysis-In  some  cases,  the  interpreter  will 
perform  a thorougli  and  detailed  analysis  of  the 
development  or  the  current  status  of  one  target  or  a 
class  of  targets,  or  on  some  more  general  topic.  This 
often  requires  the  interpreter  to  make  use  of  imagery 
collected  over  a period  of  time. 

The  basic  items  required  in  order  to  interpret  imagery 
are  the  imagery  itself,  a display  on  which  to  view  it,  and 
a statement  of  specific  interpretation  task  to  be  per- 
formed. A number  of  other  items  are  usually  provided 
also.  These  are  grouped  loosely  under  the  term  “col- 
lateral materials.”  They  may  exist  In  the  form  of  hard 
copy,  for  example  as  a piece  of  paper  or  film,  or  even  as 
a reduced  size  image  in  a microfiche  storage  and  display 
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1.5  THE  DISPLAY  USER'S  TASK  (CONTINUED) 

device.  Allemalively,  lliey  may  he  stored  in  an  elec- 
liomc  data  base  lor  display  to  the  interpreter  oit  a 
computer  teiminal.  The  kinds  of  material  involved 
include  the  followini!: 

• Information  on  any  known  tatjjets  involved,  in  text 
form,  perhaps  on  a computer  printout  or  a catliode 
ray  lube  (CRT)  display.  1 Ids  information  includes  tlie 
name  and  code  number  of  each  target,  its  geographic 
coordinates,  the  nuinber  of  the  map  on  which  it 
appears,  a description  of  any  prominent  geograpliK 
features,  and  a des>.riptioii  of  tlie  target  and  its  status 
as  it  appeared  on  previous  coverage,  (t  may  also 
include  tlie  anticipated  location  of  the  known  target 
on  the  new  imagery. 

• Maps  of  appropriate  scale,  wliich  may  or  may  not  he 
annotated  to  show  known  tu.gcts. 

• Some  indication  of  the  geographic  area  covered  by 
the  imagery  to  he  viewed,  generally  in  the  form  of  a 
map  overlay. 

• If  available,  special  background  material,  such  as 
photo  keys  that  show  the  kind  of  target  being  souglil, 
or  perhaps  a report  that  a particular  kind  of  target  is 
suspected  of  being  present  in  the  area  covered  by  the 
imagery. 

• Report  forms,  either  in  hard  copy  or  in  the  form  of  a 
cathode  ray  tube  (CRT)  display  if  the  report  is  to  be 
fed  directly  into  an  electronic  data  base. 

A report  prepared  by  an  interpreter  on  a new  target  will 

usually  contain  the  following  information; 

• The  target  name  and  code  number,  if  tliesc  have  been 
assigned 

• The  imagery  on  which  the  target  was  found,  generally 
in  terms  of  imagery  frame,  roll,  and  fliglit  numbers 

• The  date  the  imagery  was  collected 

• The  imagery  coordinates  of  the  target 

• The  latitude  and  longitude  of  the  target,  usually 
measured  on  a map 


• If  the  target  is  important  and  the  time  and  imagery 
are  available,  information  about  the  status  of  tins 
ground  feature  as  it  appeared  in  previous  coverage 
(where  it  was  not  reported) 

• The  location  of  the  target  relative  to  prominent 
ground  features,  such  as  cities,  roads,  and  rivers 

• A descriptirm  of  tlie  important  features  of  the  target, 
including  its  size  and  its  important  features. 

• A count  of  the  number  and  type  of  order-of-battle 
items,  such  as  aircraft,  ships,  or  ground  vehicles 
present 

Speed  requirements  vary  widely.  A report  on  critical 
targets  may  be  required  within  a few  minutes  or  hours 
after  receipt  of  the  imagery,  while  several  days  or  even 
weeks  may  be  available  to  search  for  routine  targets. 

Hie  map  and  tlie  imagery  will  usually  be  viewed  with  the 
same  orientation.  Since  the  preferred  orientation  for 
viewing  the  imagery  is  fixed  by  tlie  need  to  have  any 
large  obliquity  fall  away  from  the  ob.jrver,  and  by  a 
general  preference  to  have  shadows  fall  toward  him,  it  is 
seldom  possible  to  use  the  map  with  its  normal 
orientation  of  north  at  the  top.  Because  a single  frame  of 
imagery  may  cover  ati  area  at  the  edge  of  a map,  it  is 
sometimes  necessary  to  use  two  or  even  more  maps  at 
once.  A pl.ice  to  display  one  or  several  folded  maps 
within  convenient  visual  access  of  tlie  imagery  display  is 
therefore  a very  desirable  feature. 

In  most  organizations,  the  interpreter  will  make  frequent 
use  of  Imagery  coordinates.  Tliese  are  usually  based  on 
an  X-Y,  or  Cartesian,  coordinate  system  with  the 
reference  point  at  some  specified  mark  or  edge  on  the 
imagery.  Typical  units  are  centimeters  measured  to  the 
nearest  tenth.  Tlie  interpreter  assigned  to  check  several 
known  targets  on  new  coverage  may  be  provided  with 
their  predicted  imagery  coordinates  and  hence  will  need 
to  locate  each  of  these  coordinates  on  the  imagery.  Also, 
the  imagery  coordinates  of  each  new  target  found  will  be 
included  in  the  report  as  an  aid  in  finding  it  again  on 
that  imagery.  The  most  common  method  of  locating  or 
determining  a pair  of  imagery  coordinates  is  by  means  of 
a transparent  grid  overlay.  As  one  miglit  expect,  on 
many  displays  this  is  very  cumbersome.  An  automatic 
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1.5  THE  DISPLAY  USER'S  TASK  (CONTINUED) 

cooidinatc  rcuJout  device  would  he  li.'lpful  hut  would 
have  to  he  very  simple  and  reliable  to  compete  with  tlie 
grid,  even  as  aimhersome  as  it  is. 

The  importance  of  specific  ground  features  varies  over 
botli  time  and  geographic  area.  As  a result,  a ground 
feature  that  is  a target  in  one  time  and  location  may  not 
he  in  another.  This  makes  it  very  difficult  to  obtain  a 
consistent,  operationally  useful  detlnition  of  just  what  a 
target  is.  and  interferes  seriously  with  attempts  to 
measure  the  impact  of  a new  display  on  target  detection 
performance.  Probably  the  best  available  definition  is 
that  a target  is  anything  that  should  be  reported. 

As  Figure  I S-l  describes,  many  interpreters  search  for 
targets  in  a manner  that  requires  access  to  mark  the 
imagery  area  being  viewed.  In  a complex  display, 
providing  this  access  can  be  a serious  problem. 

An  item  important  to  many  interpreters  that  can  create 
a problem  for  the  display  designer  is  the  grease  pem  il. 
Its  use  in  annotating  suspect  targets  is  described  in 


Figure  1.5-1  below.  It  is  also  used  by  some  interpreters 
to  mark  the  known  targets  on  a frame,  and  by  some  to 
divide  a large  search  area  into  several  smaller  areas, 
thereby  decreasing  the  chance  of  missing  a portion  of 
the  assigned  search  area.  A grease  pencil,  besides  being 
inexpensive  and  easy  to  obtain,  is  easy  to  apply,  easy  to 
see.  and  easy  to  remove  from  the  film.  The  problem  for 
the  designer  is  that  the  grease  pencil  wax  may  be 
transferred  from  the  film  to  a surface  that  must  be  kept 
clean,  such  as  a gla,  > platen  used  to  hold  the  film  flat. 

In  some  image  interpretation  facilities,  the  problem  of 
grease  pencil  wax  getting  on  the  display  has  been 
clirnitiated  by  the  use  of  felt-tip  pens  containing  ink  that 
can  be  removed  with  a special  solvent.  This  dots  noi 
eliminate  the  need  for  the  interpreter  to  reach  the  film 
area  being  viewed  in  order  to  mark  it.  A device  that 
automatically  ketps  track  of  and  returns  the  imagery  to 
any  one  of  several  locations,  as  commanded  by  the  user, 
Would  eliminate  tliis  problem  also,  hut  only  at  consider- 
able expense. 
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Figure  1.5-1.  The  Grease  Pencil  Method  of  Search. 

While  there  are  numerous  variations  in  how  search  is  per- 
formed. the  method  illustrated  here  is  followed,  in  a very 
general  way.  by  many  interpreters.  A major  feature  of 
the  process  shown  is  the  division  of  search  into  two  parts. 
The  first,  part  (a),  nvolves  the  careful  viewing  of  a large  i 
area  of  film  to  find  possible  targets,  each  of  which  is  cir- 
cled with  a grease  pencil.  This  continues  until  several  cent- 
imeters to  several  meters  of  film,  depending  on  the  indi- 
vidual, have  been  searched.  Then  part  (b)  of  the  process, 
the  checking  of  each  marked  object  to  determine  if  it 
really  is  a new  target,  is  performed.  This  is  an  iterative 
piocess,  with  most  of  the  possible  targets  eliminated 
immediately  and  others  being  checked  several  times  | 
before  being  either  eliminated  or  accepted  as  a previously  1 
reported  or  new  target.  j 


There  are  several  differences  between  these  two  parts  of 
the  search  process  that  may  contribute  to  their  being 
performed  separately.  They  require  somewhat  different 
display  conditions,  with  (b)  usually  involving  higher  mag- 
nification and,  in  some  cases,  stereo.  Part  (b)  also  differs 
in  that  it  often  involves  consultation  with  other  inter- 
preters, while  (a)  is  essentially  solitary.  Finally,  it  may 
simply  be  easier  for  most  individuals  to  retain  for  a period 
of  time  the  mental  attitude  required  for  only  one  part  of 
the  process,  rather  than  switching  frequently  between 
them. 
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1.6  CHARACTERISTICS  OF  IMAGERY 

The  lelevaiit  cliai  Jctoii\tks  of  ilie  imagery  to  be  used  on 
a display  will  normally  h:  included  in  the  procurement 
siKcification  for  the  display.  Hence,  this  section  is 
limited  to  a general  summary  of  the  possible  kinds  of 
imagery,  plus  a review  of  sjx'cial  problems  sometimes 
encountered. 

Tlie  most  common  type  of  imagery  is  black  and  white, 
or  achromatic,  silver  halide  film  semitive  in  t!ie  visual 
region  of  the  spectrum.  Others  include:  color,  or 
chromatic,  film;  nonsilver  halide  film;  film  sensitive  to 
radiant  energy  outside  the  visible  spectrum:  and  elec- 
tronic signals,  usually  recorded  at  some  point  on 
magnetic  tape,  representing  either  radiant  energy  in 
various  parts  of  the  electromagnetic  spectrum  or  a 
special  signal  such  as  a radar  return.  W1ien  resolution  is 
particularly  important,  most  film  is  viewed  as  a positive 
transparency  contact  printed  from  the  original  negative. 

Typical  nominal  film  widths  are  70  mm  <2.H  in),  125 
mm  (5  in),  and  2.10  mm  (‘>  in),  bxact  dimensions  for 
typical  achromatic  films,  and  film  reels,  can  be  found  in 
military  specification  MIL-F-32G.  Film  may  arrive  at  the 
display  in  a roll,  or  web,  of  up  to  300m  (1,000  ft), 
though  much  shorter  rolls  are  more  common.  It  may 
also  arrive  as  a film  chip  which  vsill  vary  from  a few 
centimeters  to  a meter  or  so  in  length.  One  advantage  of 
chips  is  that  they  reduce  the  distribution  problems  when 
several  interpreters  must  view  the  film  on  a single  roll. 


Most  film  includes  a border  that  contains  essential 
inf  irmatioii  such  as  the  frame  and  roll  number  and  small 
marks  that  serve  as  reference  points  for  determining  film 
coordinates.  On  some  film,  a data  block  containing 
collection  system  flight  parameters  such  as  time  and 
altifude  in  coded  form  is  also  present. 

Film  is  ollen  very  difficult  or  even  impossible  to  replace, 
so  it  is  important  that  the  display  not  damage  it, 
Scratches  and  overheating  are  the  two  most  common 
problems.  Tliis  docs  not  mean,  however,  that  the  film 
will  necessarily  arrive  at  the  display  clean  and  undam- 
aged. In  some  organi/.atioiis,  at  least  part  of  tlie  film  will 
arrive  with  grease  pencil  marks  or  with  splices  where 
portions  of  frames  have  been  removed.  Splices  can  be 
particularly  troublesome  when  made  with  poor  quality 
tape,  which  can  result  in  adhesive  sticking  to  parts  of  the 
display.  All  display  parts  that  come  in  contact  with  film 
should  therefore  be  suitable  for  cleaning.  Another 
potential  problem  with  tape  splices  is  their  thickness, 
which  can  interfere  with  the  action  of  mechanisms  such 
as  a vacuum  platen. 

Most  roll  film  has  a tendency  to  curl,  usually  toward  the 
emulsion  side.  The  amount  of  curl  varies  with  many 
factors,  including  the  amount  of  tension  on  the  film.  In 
addition  to  the  obvious  requirement  to  keep  film  flat 
and  in  the  object  plane  of  the  display  during  viewing, 
film  curl  must  be  considered  when  allowing  for  clearance 
between  the  film  and  parts  of  the  display.  (See  Section 
1.7.) 
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1.7  PROBLEMS  WITH  PROTOTYPE  DISPLAYS 

One  way  lo  ohtain  a bellci  (ii^pLy  is  in  avoid  tlie 
tealures  that  led  to  dilTieullies  with  earliei  designs 
lienee  this  seetion  provides  a suminary  ol  some  ol  the 
problems  that  have  oeeiirred.  both  with  prototype 
imagery  displays  and  with  otlier  kinds  orequipnient. 

Many  of  these  problems  oeeur,  at  least  in  pan,  beeausc 
the  display  designer  and  the  display  user  have  very 
uil'I'erent  points  of  view.  The  designer  by  iiceessiiy  is 
intimately  familiar  with  the  inner  workings  of  the. 
display  and  is  likely  to  be  very  eoncerned  for  its  sueeess. 
To  the  interpreter,  a new  display  is  only  another  tool  to 
be  used  to  perform  some  task  he  is  probably  performing 
with  fair  success  already.  As  a result,  unless  the  potential 
advantages  of  a new  display  are  both  large  and  inimedi- 
alely  obvious,  he  will  have  very  little  tolerance  for 
complicated  controls  or  for  repealed  eiiuipmcnt  failures 
nor  is  he  likely  to  be  very  impressed  with  promises  that 
any  operating  difficulties  he  is  experiencing  will  he 
corrected  on  future  production  models. 

f'arrying  this  idea  a little  further,  it  is  useful  to  contrast 
proper  design  practice  with  what  sometimes  happens. 
The  correct  starting  point  for  the  design  of  a display  is  a 
description  of  the  display  performance  requirements  and 
of  the  display  functions  to  be  controlled  by  the 
operator.  This  list  of  functions  should  he  used  to 
determine  the  operating  controls  and  secondary  displays 
required  and  these  in  turn  should  be  used  as  the  basis  for 
desip"’ng  tlie  control  electronics  and  mechanics.  In  one 
complex  imagery  display  this  sequence  was  reversed. 
After  the  optics  were  selected,  the  control  electronics 
were  designed,  after  which  a set  of  controls  was  added. 
The  result  was  a display  so  difficult  to  learn  to  operate 
that  the  only  successful  user  was  an  interpreter  who  saw 
the  controls  as  a challenge. 

It  is  easy  when  designing  a display  workstation  to  treat 
the  operator  as  a rigid  manikin  and  to  ignore  all  the 
actions  he  will  be  performing  and  all  the  materials  he 
will  be  u-ing.  For  example,  the  workspace  must  be 
adequate  not  just  for  the  range  of  operator  body  sizes 
expected  (Section  6.1).  but  also  for  many  changes  in 
body  position  to  maintain  blood  circulation  and  reduce 
fatigue.  Space  is  also  required  for  displaying  maps  and 
for  reading  .and  writing  on  computer  printouts.  Tlte 


operator  will  probably  need  pencils  and  ashtray  within 
teach  while  looking  into  the  display,  and  some  'nay  even 
want  space  ‘or  a coffee  cup.  One  of  tlie  best  ways  to 
ueternnne  if  a planned  display  is  compatible  with  the 
(.perator’s  bodily  dimensions  is  by  building  a cardboard 
or  plywood  mockup.  The  evaluation  of  .uch  a mockup 
should  iiisludc  a realistic  range  of  body  sizes  (Section 
(>. I.l)  and  individuals  familiar  with  imagery  interpreta- 
tion work. 

Serine  displays,  particularly  those  intended  for  special 
purposes  such  as  precise  mensuration  or  for  cmiparing 
different  pieces  of  imagery,  require  a careful  and  lengthy 
setup  that  can  he  ruined  by  the  accidental  manipulation 
of  the  wrong  control.  Since  these  devices  are  operated 
primarily  while  looking  into  the  display,  the  tendency  to 
not  look  carefully  at  each  control  before  using  it 
increases  the  chance  of  error.  This  was  a particularly  bad 
problem  in  the  case  of  a comparator  which  required  up 
to  half  an  hour  to  set  up  one  frame  of  imagery,  after 
which  a certain  pushbutton  had  to  be  depressed  once  for 
each  of  the  dozen  or  so  pointings  to  be  made. 
Unfortunately,  depressing  a pushbutton  adjacent  to  this 
one,  which  differed  from  it  only  in  color  and  labeling, 
required  that  the  whole  process  be  restarted.  The 
addition  of  interchangeable  plastic  overlays  that  would 
allow  the  operator  to  depress  only  the  pushbuttons 
required  during  each  phase  of  the  operation  would 
eliminate  this  problem,  but  they  are  undesirable  because 
they  dtmand  additional  operating  steps  and  they  miglit 
become  lost.  A more  elegant  sob. don  would  be  to 
position  the  controls  in  separate  groups  so  that  such 
errors  would  be  unlikely  (Scclijn  6.3.1).  Other 
approaches  would  be  shape  coding  (Section  6.3.2),  the 
use  of  completely  different  kinds  of  controls  (Section 
6.2),  or  the  use  of  devices  that  preclude  inadvertent 
operation. 

A similar,  though  less  serious  problem  occurred  in  a 
stereo  display  in  which  magnification  and  image  rotation 
for  each  optical  train  were  controlled  by  identical, 
adjacent  knobs.  In  this  case,  accidental  rotation  of  the 
wrong  knob  caused  a moderate  increase  in  sefjp  time, 
and  when  the  setup  was  difficult  tended  to  cause  a large 
increase  in  frustration  level.  Since  knob  location  was 
limited  by  mechanical  restraints,  the  easiest  solution 
would  have  been  shape  coded  knobs  (Section  6.3.1). 
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Sew  aUadimcms.  or  pert'oisiunee  requircnicms  MohoJy 
lemenihcred  to  lell  the  designer  alnml.  can  be  a 
problem.  Ill  one  ease,  a new  light  table  held  roll  film  tlat 
enoiigli  to  clear  the  sampit  microscofa;  provided  to  the 
ilesigrier,  but  when  a fiew  objective  lens  with  a short 
w'king  diuaniv  was  added  to  the  mictoscojre  mounted 
on  the  prototype  light  tahle.it  lieque'tly  cauglit  on  the 
edge  of  the  film.  A similar  case  occurred  when  the 
designer  of  a vacuum  platen  intended  to  hold  roll  film 
tlat  for  viewing  was  provided  with  a clean,  uncut  sample 
lilm  to  use  while  building  the  platen.  He  was  appareiitly 
iMt  aware  that  the  platen  would  also  have  to  work  with 
rilin  that  had  been  cut  and  taped  back  together.  In 
addition  to  the  surface  irregularity  caused  by  the 
thickness  of  the  tajse,  slight  misalignment  of  the  two 
ends  of  film  at  the  taped  joint  increased  the  amount  of 
curl  in  the  film  and  interfered  with  the  action  of  the 
platen.  It  was  also  never  established  whether  it  would  be 
possible  to  remove  grease  pencil  wax  without  causing 
damage  to  the  delicate  optical  surface  of  the  platen  (see 
Section  1..S). 

In  di.plays  intended  for  viewing  a moving  image,  which 
includes  almost  all  imagery  displays,  a frequent  problem 
is  irregular,  or  jerky,  motion  at  low  velocity.  As  is 
discussed  in  Section  3.10,  tolerance  for  such  variation  in 
the  velocity  is  extremely  low. 

Excess  acoustic  noise  is  likely  to  be  a problem  in  any 
display  in  which  air  is  required  for  cooling  the  imagery. 
Because  of  the  kind  of  noise  they  make,  it  is  likely  to  be 
a serious  problem  whenever  an  air  compressor  or  vacuum 
pump  must  be  used  with  the  display. 


“tlolJ-downs"  are  pieces  of  plastic  or  rubber,  often  in 
the  shape  of  rings,  iliat  ate  commonly  used  to  liold  film 
fiat  on  a liglil  table.  On  rare  occasions,  these  are 
inadvertently  left  on  the  film  when  it  is  translated,  with 
tile  result  that  tlicy  pass  througli  the  tollers  at  the  end  of 
the  liglit  table  and  are  temporarily  wound  with  the  film 
on  the  film  reel.  One  prototype  display  included  a liglit 
table  im  which  such  hold-downs  were  to  be  used.  A 
problem  existed  because  it  also  contained  delicate 
components  that  might  have  been  damaged  if  the 
hotd-downs  had  been  left  in  place  while  the  film  was 
moved. 

Eor  frequently  repeated  tasks,  it  is  important  to  avoid 
long,  complex  procedures.  Loading  roll  film  into  a 
complex  display  is  a task  that  often  violates  this  rule. 
One  very  sophisticated  display  was  seldom  used,  largely 
fur  this  reason.  In  another  display,  a prototype  in  this 
case,  elimination  of  film  tha-ading  by  installing  a 
permanent  leader  that  was  attached  with  masking  tape 
to  the  end  of  u roll  of  film  being  loaded  was  not  a very 
successful  solution,  because  it  was  a difficult  procedure 
to  perform  smoothly. 

Devices  that  work  well  in  one  application  or  location 
may  not  in  another.  For  example,  toggle  switches  work 
well  in  many  situations,  but  when  mounted  on  the  lower 
front  edge  of  a light  table,  they  must  be  provided  with 
guards  or  they  will  be  broken  off  by  the  arms  of  the 
interpreter's  chair.  Pushbuttons  are  also  useful,  but  if 
they  are  located  near  where  the  di.splay  user  may  rest  his 
elbows,  they  are  likely  to  be  activated  accidentally. 
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1.8  EVALUATION  OF  PROTOTYPE  DISPLAYS 

A normal  step  m ilie  dc\rlopmont  of  a new  display  is  the 
eonsiriislion  of  a piotv)l>|v  unit  llial  ean  be  evaluated 
to  estanlisli  whether  the  display  is  useliil  and  to 
determine  what  moditiealions  should  he  made  in  pro- 
diKtion  iimiv  One  part  of  sueh  an  evaluatmn  is 
einmieeriiii:  testiiii!.  This  should  determine  if  soiitiael 
specirieatioiis  such  as  ima^te  quality,  compalihility  with 
diffeient  film  si/es.  and  limits  on  surface  tempeiauires 
have  been  met.  if  t>ood  construction  practice  has  been 
followed,  and  If  reliability  is  liLely  to  be  acceptable. 

Another  part  of  the  evaluation  is  the  determination  of 
just  how  suitable  the  display  is  for  use  in  an  operating 
work  environment.  That  is.  will  it  improve  work  output? 
Will  it  improve  operator  comfort  so  that  tlie  same 
output  rate  car.  he  maintained  for  a longer  period  of 
time?  Is  it  compatible  with  all  phases  of  the  wurk 
operation  ’ Dsies  it  impose  any  new  requirements  on  the 
work  situation  and  are  'hese  accep'able’  Is  it  difticuli  to 
learn  to  operate,  so  that  personnel  will  requiie  extensive 
training?  Do  the  operators  find  it  accep'able  ’ If  not.  can 
the  problems  be  easily  corrected .’  Are  there  any  changes 
to  the  operator  interface,  such  as  the  reiocation  of  a 
con'rol.  that  would  make  it  easier  to  use? 

The  evaluation  of  whether  the  display  is  suitable  for  the 
operating  environment  can  be  conducted  at  many 
different  levels.  One  approach  is  to  add  a tag  saying 
“New  Equipment  Please  Evaluate"  to  the  display  and 
ie.nve  it  in  the  hall  next  to  the  interpretation  work  area 
with  the  hope  someone  wui  come  along  and  use  it.  At 
the  other  extreme,  in  both  information  obtained  and 
cost,  is  a formal  test  program  in  which  selected 
interpreters  are  first  trained  to  operate  the  display,  after 
which  tl'.eir  performance  is  measured  while  they  use  the 
new  display,  and  any  competing  displays,  with  test 
imagery  and  tasks  carefully  selected  to  represent  the 
normal  work  situation. 

The  second  approach  provides  a much  better  basis  for 
deciding  whether  a new  display  is  worthwhile,  and 
should  be  used  when,  possible.  If  the  available  ■ ources 
limit  the  evaluation  to  something  closer  to  the  first 
approach,  then  at  a minimum  it  is  necessary  to  establish 
sufficient  controls  over  who  uses  the  equipment  and 
over  the  method  of  data  collection  so  that  the  results  are 
r-  aningful.  Wliatever  approach  is  used,  the  following 
; lidclincs  should  be  followed: 


• Ik'tore  conducting  the  evaluation,  think  through  the 
data  analysts  process  to  determine  how  the  re'ults 
must  be  presented  in  order  to  allow  making  the 
necessary  management  decisions. 

• Kather  than  attempting  to  measure  absolute  perform- 
ance level  on  the  new  display,  design  the  test  as  a 
comparison  between  the  new  display  and  the  current 
model  it  is  intended  to  replace. 

• Conduct  an  oiserational  evaluation  mily  on  a properly 
functioning  display.  Interpreters  will  have  a very  low 
tolerance  for  equipment  tiiat  is  difficult  to  use 
because  it  has  been  poorly  constructed,  or  that  keeps 
breaking  down. 

• Provide  each  user  with  sufficient  training  to  ensure 
that  the  display  is  not  rejected  because  someone 
didn’t  know  how  to  operate  it. 

• Inform  each  operator  in  person,  not  just  by  memo, 
about  the  purpose  of  the  display  and  his  role  in 
evaluating  it.  ’iesides  reducing  confusion,  this  will 
make  the  operator  more  enthusiastic  about  the 
evaluation,  though  not  necessarily  more  satisfied  with 
the  display. 

• Establish  a schedule  showing  who  will  use  the  display 
and  when.  This  will  help  ensure  an  adequate  number 
of  users,  and  an  adequate  range  of  work  tasks. 

• 'iVtien  selecting  the  work  tasks  to  be  performed  on  the 
display,  keep  in  mind  that  more  difficult  tasks  are 
more  sensitive  to  differences  between  viewing  condi- 
tions. For  a general  purpose  display,  a representative 
work  task  should  provide  the  best  indication  of  the 
operational  performance  that  would  be  obtained  with 
the  display.  However,  when  testing  time  is  limited, 
task  items  specially  selected  to  be  very  difficult  will 
be  more  effective  in  determining  if  one  display  is 
better  than  another. 

• If  work  performance  is  to  be  measured,  be  sure  that 
all  operators  are  aware  that  the  intent  is  to  evaluate 
equipment,  not  personnel,  and  that  their  performance 
scores  will  remain  confidential. 
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1.0  iNTRODUCTION 

1.8  EVALUATION  OF  PROTOTYPE  DISPLAYS  (CONTINUED) 


• Wlieii  Icasible,  bricl  ilit  tost  subjects  on  (lie  outcome 
of  tests  in  wliicli  they  patticipateii. 

• IX'tetinine  the  data  to  he  collected  fiom  the  manage- 
ment decisions  for  which  they  will  be  used.  For 
example,  u decision  on  whether  or  not  to  buy  a 
production  quantity  of  the  display  being  evaluated 
requires  diiferent  information  than  a decision  on 
whether  a specilic  feature  of  the  display  should  be 
incotporated  into  a future  model. 

• listablish  a formal  procedure  for  data  collection.  If 
the  data  must  he  limited  to  operator  opinions,  ask 
specific  questions  covering  each  area  in  which  infor- 
mation is  required,  not  just  general  questions  such  as 
"Writ  did  you  think  of  it?" 

• If  data  must  be  limited  to  operator  judgments, 
require  the  operator  to  use  the  display  to  perform 
realistic  tasks  before  asking  for  the  judgments.  Titis' 
will  provide  him  with  a much  better  basis  for  making 
a fair  appraisal  of  the  display. 

• Use  a sufficient  number  of  operators,  from  a suffi- 
ciently wide  range  of  organizations,  as  is  required  to 
obtain  meaningful  results. 

• Wlienever  possible,  use  established  statistical  pro- 


cedures to  determine  the  margin  for  error  in  the 
results  and  the  probability  that  the  differences 
observed  were  due  to  chance  variation  in  the  data. 

Since  prototype  displays  often  represent  an  improve- 
ment in  the  available  adjustment  range  of  features  such 
as  image  luminance  or  image  translation  velocity,  they 
can  be  used  to  obtain  valuable  information  about  the 
operational  use  of  these  features  that  will  help  set 
requirements  for  future  displays.  Prototype  displays 
should  be  provided  with  test  points  atid  scales  that 
would  make  it  possible  to  obtain  such  information 
without  modifying  the  display.  For  example,  the  knobs 
that  control  luminance,  magnification,  image  rotation 
and  similar  functions,  in  addition  to  their  normal 
labeling,  should  include  a scale  that  would  allow  their 
precise  setting  to  be  recorded.  These  need  not  be 
calibrated,  since  this  can  be  performed  in  the  field. 
Test  points  should  be  provided  for  signals  from  the 
operating  mechanisms  for  functions  where  visual  access 
to  the  control  settings  is  difficult  and  for  controls  (such 
as  joysticks  and  track  balls)  whose  nature  prevents  the 
use  of  scales.  Test  points  should  also  provide  access  to 
signals  related  to  functions  that  change  rapidly  during 
use,  such  as  image  velocity.  Such  test  points  would  have 
made  data  like  that  shown  in  Figure  3.10-9  much  easier 
to  obtain. 
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SECTION  2.0  CHECKLISTS  FOR  SPECIFIC  DISPLAYS 


Wlicn  the  designs  or  procurement  specit'icjiions  are 
being  prepared  for  u display  system,  it  is  useful  to  have  a 
list  of  the  display  features  that  should  be  considered. 
This  section  provides  several  such  lists.  More  than  one  of 
these  lists  will  apply  to  most  displays.  For  example,  a 
microsiereoscope  mounted  on  a liglit  table  and  intended 
for  viewing  color  imagery  would  involve  the  following 
lists;  Sections  2.1  (which  applies  to  all  displays),  2.2, 
2.4.  2.7,2.10,  and  2.11. 

Because  of  the  complexity  of  many  of  the  design 
recommendations  contained  in  the  later  sections  of  tliis 
document,  the  lists  given  here  are  limited  to  identifying 

2.1  ALL  IMAGERY  DISPLAYS 

2.1.1  Is  the  image  luminance  adequate  for  best  vision, 
even  when  the  film  has  the  maximum  density? 
(Sections  3.2.6,  3.2.5 ) 

2.1.2  is  an  adequate  luminance  control  and  control 
range  provided?  (Sections  3.2.6, 6.2.1) 

2.1.3  Is  the  illuminant  spectral  distribution  adequate 
for  best  achromatic  vision?  (Section  3.2.7) 

2.1.4  Wilt  temporal  variation  in  image  luminance,  or 
in  light  reaching  the  eye  from  any  other  part  of 
the  display,  cause  noticeable  flicker?  (Sections 

3.2.10  and  4.2) 

2.1.5  Are  all  sources  of  glare  and  veiling  luminance 
eliminated  or  at  least  easily  shielded  by  the 
operator?  (Sections  3.2.12,  3.2.13) 

2.1.6  Is  the  quality  of  the  displayed  image  as  good  as 
necessary  given  the  available  imagery  quality? 
(Section  3.3) 

2.1.7  If  possible,  is  a binocular  viewing  capability 
provided?  (Section  3.7.2) 

2.1.8  Is  an  adequate  magnification  range  provided? 
(Section  3.3.1, 3.3.2) 

2.1.9  Are  aberrations  excessive  with  a static  image? 
(Section  3.4).  With  the  image  moving  at  anti- 
cipated velocities?  (Section  3.4.4,3.4.5,3.10.3) 


the  display  characteristics  that  should  be  considered, 
plus  the  section  numbers  where  specific  design  recom- 
mendations or  supporting  data  can  be  found.  In  a few 
cases  a display  characteristic  is  listed  here  so  that  the 
designer  will  be  reminded  of  it,  even  though  it  is  not 
discussed  elsewhere  in  the  book. 

Screen  and  aerial  image  displays  are  defined  in  the 
introduction  to  Section  3.0,  and  binocular  and  biocular 
displays  are  defined  in  Section  3.7.1.  These  and  any 
other  terms  that  are  unfamiliar  can  probably  b?  found  in 
the  glossary  (Section  8.0)  or  the  index  . 


2.1.11  Is  the  display  field  larger  than  can  be  effectively 
used?  (Section  3.5) 

2.1.12  Is  the  displayed  image  at  the  best  viewing 
distance  for  the  eye?  (Section  3.6) 

2.1.13  Is  the  focus  range  adequate?  (Section  3.8.1) 

2.1.14  Is  the  focus  mechanism  adequate?  (Section 
3.8.2,  3.8.3) 

2.1.15  Is  the  minimum  non-zero  image  velocity  ade- 
quate? (Section  3.10.3) 

2.1.16  Is  the  maximum  image  velocity  adequate? 
(Section  3.10.3) 

2.1.17  Is  the  entire  range  of  image  velocities  free  of 
noticeable  jerk?  (Section  3.10.3) 

2.1.18  Is  the  image  velocity  control  system  adequate? 
(Section  3.10.4) 

2.1.19  Does  the  image  velocity  for  a given  control 
input  remain  nominally  constant  as  magnifica- 
tion is  changed?  (Section  3.10.4) 

2.1.20  Can  the  image  be  rotated  as  required?  (Section 

3.10.6) 

2.1.21  Does  the  relationship  between  image  translation 
control  input  and  image  translation  directions 
remain  constant  with  image  rotation?  (Section 

3.10.7) 


2.1.10  Is  the  display  field  sufficiently  large?  (Section 
3.5) 


SECTION  2.0  CHECKLISTS  FOR  SPECIFIC  DISPLAYS 


2.1  ALL  IMAGERY  DISPLAYS  ICONTINUED) 

11.22  Dihjs  vilnution  degrade  the  quality  of  the 
display  image'.’  (Scetion  .VII) 

2. 1.2.1  Are  the  physical  dimettsion*  of  the  display  and 
the  operator  compatilde'.’  (Sections  (>.l,  li.l.l) 

2.1.24  Are  all  control  types  appropriate?  (Section  6.2) 

2.1.25  Are  all  controls  and  displays  in  the  appropriate 
relationship  to  each  other?  (Section  6..1) 

2.1.26  Are  all  controls  and  displays  in  appropriate 
locations?  (Sections  6.1.4. 6.1.5.  6. .VI ) 

2.1.27  Are  secondary  display  parameters  adequate? 
(Section  6.4) 

2.1.28  Are  adequate  scales  provided  to  show  control 
settings?  (Sections  6.3.4,  6.5,  3.7.3,  3.8) 

2.1.2*)  Docs  the  combination  of  control  and  display 
choice  and  layout  plus  labeling  make  the 
operation  of  the  display  obvious  with  minimal 
training?  (Sections  6.2,  6.3, 6.5) 

2.1.30  Are  all  possible  hazards  eliminated?  (Sections 
6.6.4,  6.8,  6.9.9) 


2.2  BINOCULAR  DISPLAYS 

2.2.1  Is  the  intcrpupilliiry  distance  (IPD)  range  ade- 
quate? (Section  3.7.3) 

2.2.2  Is  the  interpupillary  distance  (IPD)  setting 
displayed?  (Section  3.7.3) 

2.2.3  Are  the  images  to  each  eye  registered  ade- 
quately? (Section  3.7.4) 

2.2.4  Will  differences  in  images  to  each  eye  cause  the 
image  to  appear  excessively  curved?  (Section 
3.4.5) 

2.2.5  Do  the  images  to  each  eye  match  in  viewing 
distance?  (Section  3.7.7) 

2.2.6  Do  the  images  to  each  eye  match  in  quality? 
(Section  3.7.8) 


2.1.31  Are  personnel  made  aware  of  all  hazards  that 
cannot  be  eliminated?  (Sections  6.8,  6.5) 

2.1.32  Does  the  display  generate  sufficient  noise  to  be 
hazardous?  (Section  6.6.4)  To  interfere  with 
communication?  (Section  6.6.4)  To  cause  oper- 
ator discomfort?  (Section  6.6.5) 

2.1.33  Are  all  requirements  for  preventive  main- 
tenance, including  the  maintenance  schedule, 
made  obvious  to  the  operator?  (Sections  6.9.1 , 
6.9.11) 

2.1.34  If  there  is  any  reason  to  know  display  operating 
time,  has  a meter  been  provided? 

2.1.35  lias  adequate  provision  been  made  for  repair? 
(Section  6.9) 

2.1.36  Are  adequate  operating  and  maintenance 
manuals  provided?  (Section  6.10) 

2.1.37  Is  film  support  and  hold  down  adequate? 


2.2.7  Do  the  images  to  each  eye  match  in  luminance? 
(Section  3.7.9) 

2.2.8  Is  there  an  adequate  differential  focus  range? 
(Sections  3.8.1, 3.8.3) 

2.2.9  Is  the  differential  focus  mechanism  adequate? 
(Section  3.8.3) 

2.2.10  Is  the  differential  focus  setting  displayed? 
(Section  3.8.3) 

2.2.1 1 Docs  the  eye  convergence  angle  approximately 
match  the  viewing  distance?  (Section  3. 7.4. 2) 

2.2.12  If  there  are  small  exit  pupils,  is  the  eye  relief 
adequate  for  display  users  wearing  spectacles? 
(Section  3.9.5) 
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2.2  BINOCULAR  DISPLAYS  (CONTINUED) 


2.2.13 

If  there  arc  small  exit  pupils,  is  fate  clearance 
adequate?  (Section  3.‘).6) 

2.2.15 

If  there  are  small  exit  pupils,  is  the  eyepiece 
elevation  angle  reasonable?  (Section  6.1.3) 

2.2.14 

If  there  are  small  exit  pupils  and  a chance 
spectacles  could  contact  the  display,  can 
scratches  result?  (Section  3.9.3) 

2.2.16 

If  there  are  small  exit  pupils,  is  the  eye  height 
suitable?  (Section  6.1.2) 

2.3 

BIOCULAR  DISPLAYS 

2.3.1 

2.3.2 

Are  distortions  excessive?  (Section  3.4.5) 

Docs  the  registration  between  the  images  to 
each  eye  vary  excessively  as  the  head  changes 
position  within  the  exit  pupil?  (Sections  3.7.1, 
3.7.4,  3.4.5) 

2.3.3 

Is  the  luminance  adequate?  (Sections  3.2.6, 
3.7.1) 

2.4 

AERIAL  IMAGE  DISPLAYS  WITH  SMALL 

EXIT  PUPILS 

2.4.1 

Is  (he  eye  relief  for  display  users  wearing 
spectacles  adequate?  (Section  3.9.3) 

2.4.4 

Is  the  eyepiece  elevation  angle  reasonable? 
(Section  6.1.3) 

2.4.2 

Is  face  clearance  adequate?  (Section  3.9.6) 

2.4.5 

Is  the  eye  height  ruitable?  (Section  6.1.2) 

2.4.3 

If  there  is  any  chance  spectacles  could  contact 
the  display,  can  scratches  result?  (Section 
3.9.3) 

2.5 

SCREEN  DISPLAYS 

2.5.1 

Is  the  screen  shielded  from  ambient  illumina- 
tion? (Section  3.2.13,4.4.2) 

2.5.4 

Is  the  distance  to  the  screen  appropriate? 
(Sections  3.6.5, 4.3.10) 

2.5.2 

Is  the  screen  tilted  sliglitly  to  prevent  the  user 
from  seeing  a reflection  of  his  face  or  shirt? 
(Section  3.2.13) 

2.5.5 

2.5.6 

Is  the  focus  control  adequate?  (.Section  3.8.4) 
Is  the  screen  size  appropriate?  (Section  3.5) 

2.5.3 

If  reflection  may  be  a problem,  is  an  antireflec- 
tion screen  used?  (Section  3.2.13) 

o 


2.0-3 


SECTION  2.0  CHECKLISTS  FOR  SPECIFIC  DISPLAYS 


2.6  ELECTRO-OPTICAL  IMAGERY  DISPLAYS 

2.6.1  Will  the  resolution  of  the  cumeru  remain  at 
adequate  levels  if  moving  imagery  is  viewed? 
(Sections  4.3.7,  4.4.2) 

2.6.2  Have  adequate  precautions  been  taken  to  pro- 
tect the  camera  from  damage  by  intense  liglit 
sources? 

2.6.3  Have  adequate  precautions  been  taken  to  pro- 
tect the  camera  and  the  CRT  from  excessive 
electron  beam  currents? 

2.6.4  Has  the  range  of  the  camera’s  linear  response  to 
luminance  been  matched  to  the  range  of  lumi- 
nances expected  in  its  operating  environment? 

2.6.5  Are  the  color  response  characteristics  of  the 
camera  matched  with  its  intended  use  if  color 
imagery  is  to  be  generated? 

2.6.6  Is  a three-or  a four-tube  color  camera  necessary 
to  maintain  resolution  in  color  imagery? 
(Sections  4.0, 4.1) 

2.6.7  Is  the  matrixing  of  the  color  signals  matched  to 
*he  intended  use  of  the  imagery?  (Sections  4.0, 
4.1) 

2.6.8  Have  the  quantizing  levels  been  selected  to 
match  the  intended  use  of  the  imagery?  (Sec- 
tions 4.0, 4.3,6, 4.4.2) 

2.6.9  Is  the  deflection  angle  of  the  CRT  the  mini- 
mum which  can  be  used?  (Sections  4.0, 4. 1 ) 

2.6.10  Is  there  a possibility  of  better  utilization  of 
available  bandwidth  through  the  use  of  higher 
order  line  or  line/dot  interlace  techniques? 
(Sections  4.0, 4.2) 

2.6.11  What  display  aspect  ratio  should  be  used? 
(Sections  4.0, 4.4.2) 

2.6.12  Does  the  face  of  the  CRT  need  to  be  protected 
from  ambient  illumination?  (Sections  4.0, 

4.4.2) 

2.6.13  Is  the  luminance  produced  by  the  display  linear 
with  respect  to  the  strength  of  the  imput  signal 


over  the  operational  range  of  signal  strengths? 
(Section  4.4,1 ) 

2.6.14  Do  hig)i  luminance  levels  in  one  part  of  the 
display  area  significantly  degrade  the  contrast 
in  adjacent  low-luminance  areas?  (Sections  4.0, 

4.4.2) 

2.6.15  Do  the  normal  variations  in  displayed  color  fall 
within  acceptable  limits  fur  the  intended  appli- 
cation of  the  system? 

2.6.16  If  both  color  and  black  and  white  images  are  to 
be  used,  should  separate  displays  be  provided? 
(Sections  4.0, 4.3.8, 4.4.2) 

2.6.17  Is  the  difference  in  resolution  between  the 
center  and  edges  of  the  display  within  the  limits 
required  by  the  intended  use  of  the  system? 
(Section  4.0) 

2.6.18  Are  the  geometric  distortions  of  the  image 
within  the  limits  allowed  by  the  intended  use  of 
the  system? 

2.6.19  Has  the  relationship  between  line  width  and 
line  spacing  been  set  wi*h  proper  consideration 
for  the  intended  use  of  the  imagery?  (Sections 

4.4.1. 4.4.2) 

2.6.20  Does  the  design  ensure  that  line  pairing  will 
remain  within  acceptable  limits  (Sections  4.0, 

4.4.2) 

2.6.21  Has  the  effect  of  raster  size  and  viewing 
distance  on  the  visibility  of  the  scan  lines  been 
taken  into  account?  (Sections  4.0, 4.4.2) 

2.6.22  Has  the  system  been  designed  to  have  approxi- 
mately equal  horizontal  and  vertical  resolution? 

2.6.23  Does  the  faceplate  require  special  design  to 
prevent  the  scattering  of  light  through  internal 
reflections?  (Section  4.4.2) 

2.6.24  Is  the  variation  in  luminance  between  the 
center  and  edges  of  the  display  within  the  limits 
required  by  the  intended  use  of  the  sy't-'m? 
(Sections  4.0, 4.4.2) 
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SECTION  2.0  CHECKLISTS  FOR  SPECIFIC  DISPLAYS 

2.6  ELECTRO-OPTICAL  IMAGERY  DISPLAYS  (CONTINUED) 

2.6.25  Is  the  imago  produced  by  the  display  tree  of 
unwanted  motion'.* 


provide  maximum  intepretability  from  the  fin- 
ished image'.’  (Applies  to  line-scan  image  gener- 
ators) (Section  4.3.12) 


2.6.26  Will  the  signal-to-noise  ratio  of  the  displayed 
image  be  large  enouglt'*  (Sectitms  4.0, 4.3.3) 


2.6.29  Is  the  level  of  jitter  in  the  printer  within 
acceptable  limits'.'  (Applies  to  line-scan  image 


2.6.27 

2.6.28 

Is  there  any  X-radiation  hazard  from  the 
display?  (Section  6.8.2) 

Mas  tlie  point  spread  function  for  the  optical 
line-scan  image  generator  been  selected  to 

2.6.30 

generators)  (Section  4.3.12) 

Is  banding  within  acceptable  limits?  (Applies  to 
line-scan  image  generators)  (Section  4.3.12) 

2.7 

LIGHT  TABLES 

2.7.1 

Is  the  si/.e  of  the  illuminated  area  adequat<*.  but 
not  larger  than  required?  (Section  3.2.1  i.l) 

2.7.4 

Are  the  minimum  and  maximum  film  speeds 
adequate?  (Section  3.10.3) 

2.7.2 

Is  the  rdm  loading  access  adequate?  (Section 
7.1.2) 

2.7.5 

Is  the  film  translation  control  adequate?  (Sec- 
tion 3.10.4) 

2.7.3 

Is  the  support  mechanism  for  roll  film  designed 
for  easy  use  and  to  minimize  the  need  to 
support  the  film  reel  in  an  exact  position  during 
loading? 

2.7.6 

Is  the  general  light  table  configuration  suitable? 
(Sections  6.1.1, 6.1.2) 

2.8 

TUBE  MAGNIFIERS 

2.8.1 

Is  the  device  sufficiently  small  and  liglu  to  be 
easily  used? 

2.8.4 

Is  tire  distortion  within  reasonable  limits?  (Sec- 
tion 3.4.5) 

2.8.2 

Is  it  possible  to  change  the  focus  easily? 
(Section  3.8.2) 

2.8.5 

Will  it  scratch  the  film? 

2.8.3 

Is  an  adequate  focus  range  provided?  (Section 
3.8.1) 

2.9 

COMPARATORS 

2.9.1 

Is  image  positioning  precision  adequate?  (Sec- 
tions 5.3.2,5.3.5,3.10.5) 

2.9.4 

Is  the  recticle  likely  to  obscure  the  edge  with 
which  it  is  being  aligned?  (Section  5.3.8) 

2.9.2 

Is  the  maximum  image  velocity  adequate? 
(Sections  3.10.3,  5.3.2,  5.3.5) 

2.9.5 

is  there  significant  parallax  that  might  cause  a 
measurement  error?  (S-.ctions  5.3,  5.3.8) 

2.9.3 

Is  the  reticle  easy  to  detect  when  viewed  against 
imagery?  (Section  5.3.8) 

2.9.6 

If  color  imagery  or  a colored  recticle  is 
involved,  can  this  introduce  any  measurement 
error?  (Sections  5.2.6,  5.3.7) 
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SECTION  2.0  CHECKLISTS  FOR  SPECIFIC  DISPLAYS 


2.10  STEREO  DISPLAYS 

2. 10. 1 .Ate  the  two  opt jeul  trains  ade>niately  alii>neil  ? 
(Section  .1.7.5 ) 

2.10.2  If  the  operator  cannot  reposition  the  iniape 
hefore  one  eye  relative  to  the  other,  are  the  two 
itnapes  properly  registered?  (Sections  3.7.4,  5. 1 ) 

2.10.3  If  the  two  images  are  separated  by  different 
colors,  as  in  an  anaglyphic  display,  will  the 
color  difference  cause  a differential  focus  prob- 
lem? (Section  5.1.4) 

2.10.4  Can  the  two  images  be  interchanged  as 
required?  (Section  3.10.6) 


2.11  COLOR  DISPLAYS 

2.11. 1 Is  the  image  luminance  adequate?  (Sections 
3.2.8,  5.2.3.  5.2.4) 

2.1 1.2  Will  displacement  of  image  details  of  different 
colors  cause  a problem?  (.Section  5.2.6) 

2.11.3  If  colored  targets  must  be  detected,  will  the 
illurninant  spectral  distribution  yield  the  best 
possible  target  contrast?  (Sections  3.2.9,  5.2.3) 

2.11.4  If  colors  must  be  determined  precisely,  is  the 
magnincation  adequate  to  enlarge  the  target  to 
an  acceptable  size?  (Section  5.2.4. 1 ) 

2.11.5  If  colors  must  be  determined  precisely,  is  the 
luminance  adequate?  (Sections  5. 2.4. 2.  5. 2.4. 3, 
5.2.4.4) 


2.10.5  Can  the  two  images  be  differentially  rotated  as 
required?  ( S-ction  3.10.6) 

2.10.6  Can  the  two  images  be  differentially  magnified 
as  required?  (.Section  5.1 ) 

2.10.7  Is  lire  precise  positioning  capability  for  setting 
up  stereo  adequate?  (Sections  5.1, 3.10.4) 

2.10.8  Is  anamorphic  magnification  required  to  reduce 
the  distortion  between  members  of  a stereo 
pair?  (Section  5.1) 


2.11.6  If  colors  must  be  determined  precisely,  is  the 
illurninant  spectral  distribution  correct?  (Sec- 
tion 5. 2.4. 7) 

2.11.7  If  colors  must  be  determined  precisely,  is  it 
possible  to  provide  an  artificial  surround  of 
optimunt  luminance  and  v/ith  a neutral  spectral 
distribution?  (Sections  5. 2.4.3,  5. 2.4.4,  5. 2.4. 5) 

2.11.8  If  colors  must  be  determined  precisely,  is  the 
set  of  matching  colors  made  of  the  same 
material  as  the  target,  thereby  reducing  the 
impact  of  variations  in  viewing  conditions  and 
differences  among  observers?  (Section  5.2.4) 

2.11.9  If  colors  must  be  determined  precisely,  can  the 
target  and  matching  colors  be  viewed  side  by 
side?  (Section  5.2.4) 
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SECTION  3.0  OPTICAL  IMAGERY  DISPLAYS 


Wlicii  Jiwiissing  display  I'caluios.  it  is  livlpl'ul  to 

divide  imagery  displays  into  two  categories,  scnrii 
Jhplays  and  tii  riul  iiiuiic  ilisplavs  : 

• In  a unrii  dhplay.  tlie  optical  element  closest  to  the 
eye  is  a dilTusing  surt'ace.  or  screen,  on  which  the 
image  is  t'ormed.  and  vu’winy  disiaut  e is  equal  to  the 
eye-to-screen  separation.  Typical  screen  displays  are 
front  and  rear  projection  screens  and  cathode  ray 
tubes  (CRT’s). 

• In  an  aerial  imayc  display,  a refractive  element  is 
nearest  the  eye.  As  Tigure  d.(>-l  explains,  the  viewiiiK 
disiame  in  an  aerial  image  display  is  defined  only  by 
the  rearward  projection  oT  the  light  rays  entering  the 
eye  to  the  point  in  space  where  they  form  an  image 
which  is  usually,  Ihougli  not  necessarily,  virtual. 
Typical  aerial  image  displays  are  the  microscope,  the 
mugnitler,  and  the  cathode  ray  tube  (CRT)  or 
projection  screen  viewed  with  a magnifier. 

As  far  as  the  user  is  concerned,  these  two  kinds  of 
displays  differ  in  the  following  ways: 

• Viewing  distant  or  correct  eye  focus  distance,  is 
fixed  by  the  screen  distance  in  a screen  display,  but 
varies  with  focus  setting  in  an  aerial  image  display 
(.Section  3.6). 

• For  nonstereo  bliioeular  displays,  the  images  viewed 
by  the  two  eyes  are  identical  for  a screen  display  but 


are  not  necessarily  identical  fur  an  aerial  image 
display  (.Section  .V7.4). 

• An  aerial  image  display  may  incorporate  a small  exit 
pupil,  which  fixes  head  position,  while  a screen 
display  may  not  (.Sections  3.3.1, 3 7.1 ). 

• .Screen  displays  are  by  necessity  limited  to  the 
resolution  achievable  with  the  materials  that  make  up 
the  screen;  aerial  imagery  displays  are  also  resolution 
limited,  but  the  limit  is  generally  not  so  directly 
obvious  to  the  display  user  (see  Section  3.3). 

Tliree  terms,  object,  imagery,  and  image,  are  used  in  this 
handbook  in  ways  which,  thougli  correct,  arc  not  always 
followed  in  common  usage.  In  an  optical  imagery  display 
the  object  is.  by  definition,  the  imagery  being  viewed. 
The  display  forms  one,  or  more,  images  cf  the  object 
(imagery),  but  the  one  discussed  most  frequently  here  is 
the  image  defined  by  the  rearward  projection  of  the  liglit 
rays  entering  the  eye. 

A fourth  potentially  misleading  term  is  image  quality.  As 
used  in  this  handbook,  it  refers  specifically  to  the 
quality  of  the  display  image,  with  an  implicit  assumption 
in  most  cases  that  the  display  and  not  the  imagery  is  the 
limiting  factor.  The  term  “image  quality”  is  often  used 
elsewhere  to  refer  to  the  quality  of  imagery,  but  it  is  not 
used  in  that  sense  here. 
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SECTION  3.1  VISUAL  PERFORMANCE 


An  adoi.|uuto  analysis  of  an  imayory  display  must  incliid': 
a description  ol'  the  visual  ability  of  tlie  intended  display 
\_  ) user.  The  purpose  of  ,i.e  present  section  is  to  suminari/e 

tlte  best  available  data  on  this  topic.  Because  so  many 
different  factors  can  inllucnce  vision,  the  test  conditions 
used  in  collecting  each  set  of  data  are  described  in  some 
detail. 

A thorough  understandirrg  of  how  the  visual  system 
functions  would  also  make  a major  contribution  to  tlie 
design  of  imagery  displays.  However,  it  is  usually  rtot 
sufficient  to  substitute  a simple  description  of  the  visual 
system.  For  example,  it  is  seldiun  helpful  to  analy/e 
display  image  quality  just  in  terms  of  the  si/e  of  the 
photoreceptive  elements  in  the  retiita. 

Most  of  the  data  in  this  section  describes  //irt's/ro/J  visual 
performance.  Tlial  is,  it  represents  the  smallest  or  lowest 
contrast  object  that  can  he  seen  in  a given  situation. 
Wien  applying  this  data  to  an  imagery  interpretation 
situation,  it  is  necessary  to  keep  in  mind  that  the 
important  features  in  any  piece  of  imagery  are  nut  all 
very  small  or  very  low  contrast,  nor  is  it  probable  that 
the  intelligence  value  of  imagery  features  is  uniformly 
distributed  across  whatever  continua  arc  used  to  quan- 
, ~ \ tify  size  and  contrast.  TItcrcforc.  althougj;  improving  a 

^ ^ display  so  that  an  object  5 percent  smaller  can  be  seen 

will  certainly  increase  the  amount  of  information  that 
the  display  user  can  extract  from  the  imagery,  it  is 
generally  not  possible  to  assign  a number  to  the  practical 
value  of  this  increased  information. 

Tlte  measurement  of  visual  performance  has  undergone  a 
lengthy  evolution,  much  of  which  is  illustrated  by  the 
data  summarized  in  Sections  3.1 .3  througli  3.1.7. 

Until  recently,  most  measurements  of  visual  perform- 
ance have  involved  either  size  or  contrast,  but  not  both. 
With  a few  exceptions,  researchers  measured  either 
ability  to  resolve  detail  in  small,  higli-contrast  targets,  or 
to  distinguish  contrast  in  a very  low-contrast,  relatively 
large  target.  The  first  of  these  abilities  is  usually  referred 
to  as  visual  acuity  and  the  second  as  contrast  threshold. 
As  Figure  3.1-12  illustrates,  visual  acuity  is  simply  the 
reciprocal  of  the  size  of  the  smallest  resolvable  target  in 
arc  minutes. 

Because  the  imagery  display  user  must  resolve  edges  that 

o 


include  a range  of  both  sizes  and  contrasts,  information 
on  visual  performance  when  both  of  these  parameters 
ate  varied  is  much  more  useful  to  the  designer.  Many 
tneasuretnenis  of  this  type  have  been  made  and  some  of 
the  more  useful  data  are  summarized  in  Section  3.1.4  for 
noncyclical  targets  and  in  Section  3.1.5  for  cyclical 
targets. 

Section  3.1.5  includes  data  on  visual  performance  in 
which  the  luminance  variation  follows  a sinusoidal 
distribution.  This  type  of  target  significantly  simplifies 
the  analysts  of  a display  or  visual  performance  test 
situation  because,  althougli  the  size  and  contrast  of  the 
target  are  changed  by  the  optical  elements  present,  the 
luminance  distribution  in  the  image  remains  sinusoidal. 

Visual  performance  is  often  measured  with  cyclical 
targets  such  as  gratings.  Tire  two  characteristics  usually 
considered  important  in  describing  a grating,  in  addition 
to  the  shape  of  the  luminance  distribution,  arc  spatial 
frequency  and  contrast.  Recent  data,  summarized  in 
Section  3.1.6,  suggest  that  for  sinusoidal  gratings  with  a 
low  spatial  frequency  (below  about  2 cycles  per  degree) 
and  containing  a total  of  less  than  3 to  S cycles,  the  total 
number  of  cycles  present  may  be  more  important  than 
tlie  spatial  frequency.  This  effect  is  also  evident  in 
Section  3.1.7,  which  illustrates  visual  performance  for 
targets  that  can  be  described  in  the  same  terms  as 
cyclical  targets  but  which  are  much  more  like  the  edges 
in  real  imagery  because  they  include  only  one  cycle  or  a 
fraction  of  one  cycle.  Tlie  full  impact  of  tJiis  type  of 
data  on  analyses  of  display  parameters  such  as  those 
discussed  in  Section  3.3  has  not  yet  occurred. 

Strikingly  missing  from  this  sequence  is  an  adequate 
treatment  of  the  impact  of  photographic  and  other  noise 
on  vision  (Ref.  1).  Wien  the  imagery  is  photographic 
film,  the  principal  source  of  noise  is  grain.  (Noise  in 
electronic  displays  is  treated  in  Section  4.3.3)  Ingrain- 
less imagery,  the  ability  to  resolve  details  in  the  imagery 
increases  with  magnification  up  to  the  limits  set  by  the 
modulation  sensitivity  of  the  eye  and  the  modulation 
transfer  characteristics  of  the  display.  (See  Section  3.3.) 
However,  because  the  inteiference  due  to  grain  also 
increases  with  magnification,  the  actual  performance 
limit  and  possibly  even  the  optimum  shape  for  the 
modulation  transfer  function  (MTF)  of  the  display  may  ^ 
be  quite  different  than  predicted  by  an  analysis  in  which 
grain  noise  is  not  considered. 
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SECTION  3.1  VISUAL  PERFORMANCE 


3.1.1  STRUCTURE  AND  OPTICS  OF  THE  EYE 

lliis  section  sumiitati/es  many  of  the  physical  and  display  designer.  I'ye  pupi.  si/e  is  tieated  briefly  here, 

optical  characteristics  of  the  eye  important  to  the  but  the  mote  complete  coverage  is  in  Section  .1.2.. 1. 


Figure  3.1-1.  Structure  of  the  Human  Eye.  A horizontal 
cross  section  through  *.he  right  eye  is  shown  here  (Ref.  2). 

Light  entering  the  eye  is  focused  on  the  retina  by  the  two 
refractive  elements  of  the  eye,  the  cornea  and  the  lens. 
The  spaces  between  these  elements  and  the  retina  are 
filled  with  nominally  clear  fluids  (Ref.  3)  known  aque- 
ous and  vitreous  humor.  The  area  through  which  the  light 
can  enter  the  eye,  the  pupil,  is  limited  by  a membrane 
known  as  the  iris,  which  lies  on  the  surface  of  the  lens. 
The  iris  changes  the  size  of  the  pupil  in  response  to  several 
variables,  including  illumination  (Section  3.2.2). 

The  retina  contains  tv>;o  types  of  photosensitive  receptors, 
the  cones  and  the  rods,  "’'he  cones  differ  from  the  rods  in 
that  they  operate  at  higlier  illumination  levels,  provide 
better  spatial  resolution  and  contrast  sensitivity,  and  pro- 
vide color  vision.  The  rods  are  more  sensitive  to  light  than 
the  cones  and  contribute  to  vision  primarily  at  illumina- 
tion levels  much  lower  than  are  provided  in  imagery  dis- 
plays. 


The  nerve  fibers  that  connect  the  receptors  to  the  brain  lie 
on  'be  inner  surface  of  the  retina  and  pass  out  through  the 
retina  at  the  optic  disc.  There  are  no  receptors  in  the  optic 
dis  •,  resulting  in  what  is  referred  to  as  the  blind  spot  (Fig- 
ure 3.5-7).  Individuals  are  seldom  aware  of  its  existence. 

The  optic  axis,  on  which  lie  the  optical  centers  of  the 
cornea  and  lens,  and  which  is  the  common  axis  of  both, 
exists  only  in  theory.  This  is  also  true  of  the  visual  axis,  or 
line  joining  the  fixation  point  to  the  fovea.  It  occurs 
because  in  a real  eye  (unlike  the  schematic  eye  in  Figure 
3.1-4),  the  cornea  and  lens  do  not  share  a common  axis 
(Ref.  4).  As  a result,  the  optic  and  visual  axes  can  only  be 
estimated.  A common  estimate  of  the  optic  axis  is  the  line 
perpendicular  to  the  cornea  and  cente''ed  on  the  entrance 
pupil  of  the  eye  (Ref.  4).  A comparable  estimate  of  the 
visual  axis  is  the  line  connecting  the  fixation  point  to  the 
center  of  the  entrance  pupil.  Surprisingly,  in  most  individ- 
uals the  best  estimated  optic  and  visual  axes  differ  about 
as  shown  here.  A typical  value  is  5 degrees  (Ref.  4). 
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SECTION  3.1  VISUAL  PERFORMANCE 


3.1.1  STRUCTURE  AND  OPTICS  OF  THE  EYE  (CONTINUED) 


Figure  3.1-2.  Accommodation.  The  distance  from  the 
cornea  to  the  retina  is  essentially  fixed.  Therefore,  in  order 
for  bundles  of  light  rays  arriving  at  the  eye  from  different 
distances  to  be  in  focus  on  the  retina,  the  refractive  power 
of  the  eye  must  change.  This  change  in  power  is  caused 
by  a change  in  the  shape  of  the  lens  and  is  known  as 
atromnuKlaiion.  The  accommodative  range  cf  the  eye  and 
the  reduction  in  this  range  as  the  lens  hardens  with  age  are 
covered  in  Section  3.6-1. 

Accommodation  is  usually  expressed  as  the  change  from 
infinity  focus,  in  diopten,  which  is  the  same  as  the  inverse 
of  the  distance  from  the  eye  in  meters  (1/m).  For  exam- 
ple, an  eye  focused  on  an  object  at  0.25m  (10  in)  is  said 
to  be  accommodated  4 diopters  (1/0.25  = 4).  An  eye 
focused  on  an  object  at  infinity  is  said  to  be  exerting  zero 
accommodation.  The  resting  stale  of  the  eye  generally 
involves  a diopter  or  so  of  accommodation  (Section 
3.6.2). 
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3.1.1  STRUCTURE  AND  OPTICS  OF  THE  EYE  (CONTINUED) 
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Figure  3.1-4.  T)ie  Scliematic  Eye.  Tlie  parameters  for 
several  different  schematic  eyes  are  illustrated  fiere.  Tfie 
Gullstrand  scliematic  eye  No.  2 is  one  of  the  earlier  ver- 
sions. It  is  still  the  most  commonly  used.  Ogle  suggested 
that  data  now  available  on  the  eye  should  allow  deter- 
mination of  better  values  for  a schematic  eye  and  pre- 
sented the  one  listed  in  the  first  column.  Both  it  and  the 
schematic  eye  given  in  MIL-HDBK-141  (Ref.  2)  differ 
slightly  though  usually  not  significantly  from  the  Gull- 
strand  No.  2 eye. 
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Both  the  Ogle  and  MIL-HDBK-141  schematic  eyes  are  for 
an  accommodation  distance  of  infinity.  The  Gullstrand 
No.  2 eye  includes  values  for  two  distances,  infinity  and  a 
near  distance  of  8.6  diopters. 

The  lower  left-hand  part  of  the  figure  ihows  the  physical 
dimensions  for  the  Gullstrand  No.  2 eye,  focused  for 
infinity.  The  refractive  index  of  the  lens  is  the  effective 
average  value.  Actually,  the  refractive  index  increases 
toward  the  center  of  the  lens. 
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3.1.1  STRUCTURE  AND  OPTICS  OF  THE  EYE  (CONTINUED) 
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Figure  3.1 -S.  Reduced  Schematic  Eyes.  Frequently  a 
reduced,  or  simplified,  schematic  eye  provides  adequate 
computational  precision.  A typical  application  is  deter- 
mination of  retinal  image  size.  The  two  examples  illus- 
trated here  reduce  the  infinity  focused  eye  to  a single 
refracting  surface,  the  principal  plane,  H,  with  a single 
nodal  point,  N,  at  its  center  of  curvature. 

Note  that  these  two  reduced  schematic  eyes  are  nearly 
identical.  The  Emsiey  version,  with  a refracting  power  of 
60  diopters,  has  an  anterior  focal  length  of  1/60  = 
0.01667m,  while  the  Ogle  version,  with  an  anterior  focal 
length  of  17  mm,  has  a refracting  power  of  1/0.017  = 58.8 
diopters. 
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SECTION  3.1  VISUAL  PERFORMANCE 


3.1.1  STRUCTURE  AND  OPTICS  OF  THE  EYE  (CONTINUED) 


L.) 

ENTRANCE  CENTER  OF 


Figure  3.1-6.  Eye  Center  of  Rotation.  The  center  of 
rotation  of  the  eye  is  approximately  13  mm  behind  the 
front  surface  of  the  cornea  (Ref.  10),  which  places  it 
approximately  10  mm  behind  the  entrance  pupil  of  the 
eye.  As  a result,  eye  rotation  results  in  movement  of  the 
eye  pupil.  The  impact  of  this  movement  is  treated  in  Fig- 
ures 3.5-13  to  -15. 


o 


Figure  3.1-7:  The  Eye  Pupil.  The  display  designer  must 
be  concerned  with  the  entrance  pupil  of  the  eye  rather 
than  the  real  pupil.  The  entrance  pupil  is  the  dark  aper- 
ture that  can  be  seen  when  looking  into  another  person's 
eye.  As  this  figure  illustrates,  the  entrance  pupil  is  larger 
and  closer  to  the  cornea  than  the  real  pupil  (Ref.  11).  If 
the  diameter  of  the  entrance  pupil  is  x,  the  diameter  of 
the  real  pupil  is  O.SE'x,  and  the  diameter  of  the  exit  pupil 
is  0.93x. 

With  the  exception  of  Figures  3.1-1  and  -4,  the  term  "eye 
pupil"  as  used  in  this  document  implies  the  eye  entrance 
pupil  rather  than  the  real  pupil.  In  particular,  the  eye 
pupil  data  in  Sections  3.1.9  and  3.2.3  apply  to  the  eye 
entrance  pupil.  Unfortunately,  the  distinction  between 
real  and  entrance  pupil  is  not  treated  in  many  of  the  stud- 
ies used  in  these  sections,  and  it  is  necessary  in  many  cases 
to  assume  that  the  authors  intended  the  latter. 
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SECTION  3.1  VISUAL  PERFORMANCE 


3.1.2  UNITS  THAT  DESCRIBE  THE  IMAGE 
\ 

It  is  custoinury  to  chaructcri/.c  the  elements  that  make 
up  an  imaije  in  terms  ol'  their  si/c  and  contrast.  This 
section  illustrates  some  of  the  more  important  units  that 
have  been  used  to  define  these  parameters.  Subsequent 
sections  utili/e  as  lew  different  units  as  possible. 

A major  activity  in  display  development  has  been  the 
search  for  a single  universal  figure  of  merit  that  expresses 


the  quality  of  an  image.  Recent  examples  of  some 
importance  include  the  optical  power  spectrum  (OPS) 
(Ref.  12)  and  the  modulation  transfer  function  area 
(MTFA)  (Ref.  13).  Wliilc  these  may  be  very  successful 
for  their  intended  purpose,  there  is  as  yet  no  data 
available  on  these  units  that  serve  to  define  the 
capabilities  of  the  eye,  and  therefore  they  are  not 
included  here. 


r- . 
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/ 

/ .. 


Figure  3.1-8.  Visual  Angle.  From  the  point  of  view  of 
the  display  user,  it  is  most  useful  to  define  the  size  of  an 
object  in  terms  of  the  visual  angle  it  subtends  at  the  user's 
eye.  In  the  illustration,  for  example,  the  thrv,t  objects.  A, 
B,  And  C,  are  different  sizes  but  because  their  size  to  dis- 
tance ratio  is  constant,  they  subtend  the  same  visual  angle 
and  produce  nearly  the  same  size  retinal  image  (Ref.  14). 
As  a result,  they  are  essentially  equally  visible. 


The  three  objects  are  not,  however,  completely  equivalent. 
Because  they  are  different  distances  from  the  eye  they 
require  different  amounts  of  eye  accommodation  to  pro- 
duce a sharp  image  on  the  retina.  In  addition,  because  the 
apparent  size  of  an  object  depends  on  several  factors  in 
addition  to  retinal  image  size,  they  may  be  perceived  as 
being  different  in  size  (Ref.  15). 
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SECTION  3.1  VISUAL  PERFORMANCE 

3.1.'2  UMTS  THAT  DESCRIBE  THE  IMAGE  (CONTINUED) 
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Figure  3.1-9.  Size  Units.  The  dimensions  conventionally 
used  to  define  the  size  of  three  kinds  of  targets  used  to 
measure  visual  performance  are  illustrated  here;  many 
more  kinds  of  targets  are  included  in  Figure  3.1-1 1. 

Many  different  sets  of  units  can  be  used  to  characterize 
the  visual  angle  subtended  by  these  kinds  of  targets.  In 
this  document,  spatial  frequency  in  cycles  per  degree  is 
used  for  cyclical  targets,  and  size  in  arc  minutes  is  used  for 
noncyclical  targets.  Following  the  convention  used  in 
modulation  transfer  function  plots,  spatial  frequency 
increases  to  the  right. 

In  order  to  facilitate  comparisons  among  different  sets  of 
visual  performance  data,  similar  scales  are  used  wherever 
possible  in  the  figures  in  the  remainder  of  Section  3.1. 


The  size  of  a noncyclical  target,  such  as  the  diameter  of  a 
disc  or  the  gap  in  a Landolt  ring,  is  sometimes  treated  as 
if  it  is  equivalent  to  a half  cycle  of  a cyclical  target.  There 
is  no  adequate  theoretical  or  experimental  justification 
for  such  an  association  of  data  from  these  two  kinds  of 
targets. 

However,  it  happens  that  much  of  the  visual  performance 
data  summarized  in  this  document  plots  conveniently  on 
a graph  in  which  the  limits  of  the  size  axis  for  cyclical  and 
noncyclical  targets  correspond  in  just  this  2 to  1 fashion. 
These  limits  are  therefore  used,  but  only  for  sake  of  con- 
venience in  plotting  the  data,  net  because  such  an  associa- 
tion between  data  from  the  two  kinds  of  targets  has  been 
established. 


3.1-9 


SECTION  3.1  VISUAL  PERF0RI\)1ANCE 


3.1.2  UNITS  THAT  DESCRIBE  THE  IMAGE  (CONTINUED) 


Figure  3.1-10.  Contrail  Units.  When  two  areas  close  to 
each  other  have  different  luminances,  the  visual  system 
discriminates  between  them  on  the  basis  of  their  relative 
luminances.  Relative  luminance,  or  oiiitrasi,  has  been 
expressed  many  different  ways.  A few  of  these  are  sum- 
marized here.  Equations  and  nomographs  are  also  included 
to  simplify  conversions  between  units. 

The  contrast  of  cyclical  targets  is  usually  given  in  terms  of 
C,y),  defined  as  illustrated.  Some  authors  refer  to  C^  as 
contrast  while  others  use  the  term  mtdulatum.  It  has  been 
suggested  that  to  be  strictly  correct  the  term  "rrwdula- 
tion"  should  be  applied  only  to  a sinusoidal  or  quasi- 
sinusoidal  luminance  distribution  (Ref.  16),  but  this  dis- 
tinction is  generally  ignored. 

Different  equations  are  given  here  for  contrast  with  dark 
as  opposed  to  light  targets.  This  follows  the  convention 
used  by  most  authors,  which  is  to  avoid  the  use  of  nega- 
tive contrast  values. 


As  this  figure  illustrates,  the  conversion  from  one  set  of 
units  to  the  other  is  straightforward.  In  order  to  facilitate 
making  comparisons  among  the  sets  of  visual  performance 
data  in  the  remainder  of  Section  3.1,  only  one  contrast 
unit,  Cp,  has  been  used  wherever  possible.  This  is  not 
meant  to  suggest  that  Cp,  is  always  the  best  contrast  unit. 

A new  type  of  contrast  unit,  not  plotted  here,  is  some- 
times used  for  special  targets  such  as  those  treated  in  Sec- 
tion 3.1.7.  This  is  the  ratio  of  the  luminance  difference  to 
the  average  scene  luminance  (Ref.  40).  In  theory  this  is  an 
excellent  unit  for  this  kind  of  target.  Unfortunately,  the 
value  of  this  contrast  unit  varies  not  just  with  luminance 
but  also  with  the  ratio  of  target  area  to  scene  area,  making 
application  to  situations  where  this  area  ratio  does  not 
hold  very  difficult.  If  this  contrast  unit  is  used  more  con- 
ventional units  should  be  reported  also  in  order  to  allow 
the  results  to  be  compared  with  other  work. 
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SECTION  3.1  VISUAL  PERFORMANCE 

3.1.3  FACTORS  IN  THE  MEASUREMENT  OF  VISUAL  PERFORMANCE 


/ 
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Many  dill'oroni  mciliods  have  heen  Uicd  lo  measure 
visual  perrorinanee  and  it>  deseribe  ilie  measurement 
results.  This  seelioti  ileseribes  some  of  the  more  common 
methods. 

One  important  aspect  of  these  dill'erent  methods  is  the 
kind  of  test  target  used.  Typical  kinds  are  described  in 
the  nguies  that  follow. 

Another  aspect  is  the  success  criterion  or  means  used  to 
determine  whether  the  target  is  visible.  Tlic  two  princi- 
pal categories  are  as  follows; 

• Subjective  Tlie  target  is  always  present,  though  not 
necessarily  visible,  and  the  test  subject  decides 
whether  the  test  object,  or  some  critical  detail  in  it,  is 
visible. 

• Objective  - The  subject  is  not  certain  of  the  status  of 
the  target  and  must  make  some  response,  such  as 
stating  its  location  or  orientation  to  prove  that  he  can 
see  it. 


The  advantage  of  the  subjective  lechnique  is  that  more 
data  can  be  collected  in  a limited  amount  of  lime.  The 
relative  values  obtained  by  a particular  subject  are 
generally  valid,  but  the  absolute  values  depend  heavily 
on  his  personal  definition  of  "visible.”  Differences 
between  individuals  are  therefore  large,  except  when 
they  have  practiced  together  in  order  to  establish  similar 
definitions  of  “visible."  Comparisons  from  one  labora- 
tory to  the  next  are  necessarily  difficult  with  this 
technique. 

The  advantage  of  the  objective  technique  is  that  it  does 
not  depend  on  the  subject’s  personal  definition  of 
“visible,”  increasing  the  likelihood  that  different  sub- 
jects will  give  comparable  results.  In  addition  to  facilitat- 
ing comparisons  among  different  studies,  this  makes  it 
easier  to  use  the  data  in  analyzing  an  imagery  display. 
However,  performance  differences  among  individuals  can 
still  be  krge,  and  experienced  individuals  will  usually 
perform  better  than  naive  ones. 


Figure  3.1-11.  Vision  Test  Targets.  .Gome  of  the  many 
targets  that  have  been  used  to  measure  visual  perform- 
ance are  illustrated  here,  along  with  the  dimensions  com- 
monly used  to  define  their  size.  As  is  discussed  in  Figure 
3.1-9,  size,  S,  of  a noncyclical  target  is  sometimes  taken 
as  being  equivalent  to  a half  cycle  of  a cyclical  target, 
but  there  is  no  demonstrated  basis  for  such  a 
correspondence. 

Not  only  do  the  differences  in  shape  lead  to  different  val- 
ues of  visual  performance  for  these  targets,  but  so  do  dif- 
ferences in  the  success  criteria  used  for  each.  For  example, 
the  criterion  for  a point  target  is  the  ability  to  detect  it. 

For  a light  target  below  a certain  size,  this  is  independent 
of  target  size.  For  the  two-point  target,  the  task  is  to 
determine  if  one  or  two  points  are  present.  The  separa- 
tion, S,  required  for  the  viewer  to  report  two  points 
rather  than  one  depends  on  his  knowledge  of  the  target. 
The  separation  will  be  less  if  he  knows  that  the  only 
possibilities  are  one  or  two  points  rather  than  if  he  is 
simply  shown  a scene  and  told  to  report  what  is  present. 


For  the  line,  the  Landolt  ring,  and  the  several  kinds  of 
cyclical  (grating)  targets,  the  criterion  may  be  to  indicate 
the  orientation  of  the  target  or  it  may  simply  be  to 
determine  whether  the  grating  is  present.  For  the  Snellen 
letters  the  usual  task  is  to  report  which  letters  are 
present.  For  the  vernier  target  the  task  is  to  align  the 
two  lines  and  for  stereo  acuity  it  is  usually  to  adju't  the 
two  objects,  typically  vertical  bars,  until  they  are  at  the 
same  distance.  Checkerboard  targets  ar<;  generally  pre- 
sented in  sets  of  four  with  equal  overall  size  but  with 
one  of  the  four  incorporating  larger  elements.  The  sub- 
ject's task  with  this  target  is  to  name  which  of  the  four 
has  the  larger  sized  elements. 

The  situation  with  the  Landolt  ring  is  similar  in  the  usual 
application  where  the  ring  is  known  to  have  one  of  four 


orientations  and  a forced-choice  procedure  is  used  '.. 
which  the  observer  must  state  which  orientatii  ' ,s  most 
likely.  A practiced  observer  may  be  able  to  ■•:nie  the 
orientation  consistently,  even  when  the  ring  is  much  too 
small  to  be  seen  as  a ring  and  appears  only  as  a fuzzy 
blob  with  one  side  slightly  flattened. 

The  highest  spatial  frequency  grating  that  can  be  seen  in 
a display  is  oHen  referred  to  as  the  resolution,  or  resolv- 
ing power,  of  the  display.  One  of  the  most  commonly 
used  gratings  is  the  USAF  tri-bar  target  (Ref.  17).  It 
consists  of  a series  of  three-bar  targets  of  the  type  illus- 
trated here,  with  each  horizontal/vertical  pair  smaller  by 
a factor  of  or  about  12  percent.  A basic  problem 
with  this  type  of  target  is  that  it  requires  the  user  to 
judge  which  is  the  smallest  set  of  three  bars  that  can  be 
resolved.  Besides  the  obvious  problem  of  possible  dif- 
ferences in  visual  ability  among  observers,  there  is  the 
difficulty  of  establishing  a criterion,  or  definition,  of 
resolvable.  The  best  accepted  criterion  is  that  the  space 
must  be  visible  for  the  entire  distance  between  the  bars. 
A criterion  that  yields  higher  resolution  values  is  that 
three  bars  must  be  visible.  If  the  tri-bar  readings  are  to 
represent  the  effect  of  display  astigmatism  (Section 
3.4.3),  an  additional  restriction  is  that  both  horizontal 
and  vertical  bars  must  be  viewed  at  the  same  focus 
setting. 

The  variation  among  individual  observers  in  tri-bar  read- 
ings is  often  large.  Values  in  excess  of  two  steps,  or 
about  26  percent,  are  common  (Ref.  18).  Training  can 
reduce  this  variation  considerably.  Training  in  this  case 
apparently  means  that  the  group  of  observers  develops  a 
common  visibility  criterion,  which  may  not  be  shared  by 
observers  in  a different  group.  If  one  group  is  buying  the 
display  and  the  other  group  is  selling  it,  this  difference 
can  lead  to  problems. 
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3.1.3  FACTORS  IN  THE  MEASUREMENT  OF  VISUAL  PERFORMANCE  (CONTINUED) 
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Figure  3.1-12.  Visual  Acuity  Units.  The  preferred  way 
to  describe  the  minimum  size  target  that  can  be  seen  is 
in  terms  of  the  visual  angle  it  subtends  at  the  viewer's 
eye  in  units  such  as  arc  minutes  (Ref.  19).  Unfortunately 
many  other  units  are  also  in  use.  One  is  visual  acuity, 
which  is  usually  defined  as  the  reciprocal  of  the  target 
size  (S  or  C/2  in  Figure  3.1-1 1)  in  arc  minutes.  One 
implication  of  the  visual  acuity  unit  is  that  normal  vision 
corresponds  to  1 arc  minute.  This  is  not  generally  true. 


In  clinical  practice  it  is  common  to  use  the  Snellen  frac- 
tion. This  is  supposed  to  be  the  ratio  of  the  viewing  dis- 
tance used  in  the  test  situations  to  the  viewing  distance 
at  which  the  smallest  target  the  patient  can  see  subtends 
an  angle  of  1 arc  minute.  The  numerator  of  this  fraction 
is  often  taken  as  20,  even  though  the  test  distance  is  6m, 
or  even  14  in,  rather  than  20  ft.  This  vnit  should  not  be 
used  in  vision  research  (Ref.  19). 
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Figure  3.1-13.  Comparison  of  Acuity  Measures.  This 
figure  illustrates,  though  with  considerable  oversimplifi- 
cation, the  very  large  differences  that  exist  among  some 
of  the  measures  that  define  the  ability  of  the  eye  to 
resolve  small  targets  (Ref.  20,  X).  Minimum  separable 
acuity  is  based  on  the  gap  size  in  a Landolt  ring  target  as 
shown  in  Figure  3.1-11.  Vernier  and  stereo  acuity  are 
also  defined  in  Figure  3.1-11.  Minimum  perceptible 
acuity  is  the  smallest  width  dark  line  that  can  be 
resolved. 
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Figure  3.1-14.  Visual  Performance  with  Different  Tar- 
get Shapes.  The  effect  of  target  shape  on  the  minimum 
modulation  at  which  nominally  equal  size  targets  are 
judged  visible  is  illustrated  in  the  three  right-hand  por- 
tions of  this  figure  (Ref.  21,  B).  Most  of  the  differences 


do  not  exceed  a modulation  ratio  of  2 to  1. 

Comparison  data  for  similar  results  from  three  other  stud- 
ies are  included  in  the  left-hand  part  of  the  figure. 
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SECTION  3.1  VISUAL  PERFORMANCE 

3.1.3  FACTORS  IN  THE  MEASUREMENT  OF  VISUAL  PERFORMANCE  (CONTINUED) 


Figure  3.1-15.  Effect  of  Target  Shape.  It  would  be 
useful  to  have  a method  of  describing  target  size  that 
would  irrdicate  whether  a target  should  be  visible  regard- 
less of  its  shape.  These  test  data  illustrate  the  kind  of 
problem  that  occurs  (Ref.  25,  C).  Subjects  adjusted  the 
size  of  a single  dark  bar  until  it  was  barely  visible.  As 
length-to-width  ratio  increased,  threshold  expressed  as 
bar  width  dropped  sharply,  but  expressed  as  bar  area,  it 
remained  relatively  constant,  implying  that  area  is  the 
preferable  way  of  describing  target  size.  Other  research 
suggests  that  area  and  perimeter  combined  provide  an 
even  better  description  of  target  size,  at  least  for  simple 
shapes  such  as  single  bars  I Ref.  26).  Unfortunately,  this 
approach  has  not  yet  been  successfully  applied  to  the 
more  complex  target  shapes  involved  in  image 
interpretation. 
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SECTION  3.1  VISUAL  PERFORMANCE 


3.1.4  NONCYCUCAL  TARGETS 


This  section  suminari/es  selected  visual  petfomiaiice 
data  tor  two  common  types  of  noncyclical  tarjjets. 


Figure  3.1-16.  Contrast  Sensitivity  for  Disc  Targets  of 
Different  Sizes.  In  the  study  summarized  here,  highly 
trained  subjects  were  required  to  state  which  of  four 
time  intervals  was  most  likely  to  have  comsined  a light 
disc  target  (Ref.27,B).  Exact  target  location  was  known. 
The  evenly  illuminated  background  was  very  large.  View- 
ing was  binocular.  The  three  curvet  represent  different 
values  of  P,  which  is  the  probability  of  target  detection, 
corrected  for  chance. 

Additional  data  from  this  lab  summarized  in  Figures 
3.1-42  and  3.2-30  illustrate  how  target  detection  success 
improves  with  increased  target  exposure  time  and  with 
background  'uminance. 

Nearly  50C,000  contrast  threshold  measurements  have 
been  made  using  this  experimental  procedure.  There  is 
no  known  report  of  variability  in  performance  either 
within  or  between  subjects  (Ref.  28).  Such  infornia- 
tion  is  important  when  estimating  the  significance  of 
the  visual  performance  change  that  results  from  a 
variation  in  viewing  conditions.  At  present,  the  only 
available  variability  data  are  those  summarized  in 
Figure  3.1-17 


SECTIONS.!  VISUAL  PERFORMANCE 


3.1.4  NONCYCLICAL  TARGETS  (CONTINUED) 


Figure  3.1-17.  Variability  in  Contrast  Sensitivity  for 
Disc  Targets.  Three  studies,  identified  here  as  A,  B,  and 
C,  provide  the  very  limited  data  available  on  variations  in 
contrast  thresholds  for  viewing  situations  such  as  those 
represented  in  Figures  3.1-16,  3.1-19,  and  3.2-30. 

All  the  results  summari2ed  here  illustrate  the  threshold 
range  for  approximately  the  middle  90  percent  of  the 
population.  In  addition,  they  all  are  based  in  part  on 
curves  fit  visually  to  the  data,  and  they  all  include  both 
between  subject  and  within  subject  variation.  The  varia- 
ticn  between  subjects  is  usually  much  larger  than  the 
variation  within  a single  subject.  All  three  studies 
involved  binocular  viewing. 

In  study  A,  contrast  was  increased  until  the  subject 
could  state  the  location  of  a square  dot  target,  or  the 
orientation  of  a Landolt  ring  (Ref.  29,C).  Because  the 
differences  were  small,  data  for  the  two  target  shapes, 
and  for  both  light  and  dark  targets,  were  combined.  The 
background  subtended  17  degrees  and,  for  the  data 
shown  here,  had  a luminance  of  4 cd/m2  (1.2  fL).  These 
are  the  data  used  to  obtain  the  population  range  esti- 
mate shown  by  the  two  broken  curves  in  Figure  3.1-19. 

In  studies  B and  C,  the  target  was  a light  4-arc-minute 
disc  that  appeared  for  0.2  second  in  a known  location 
and  at  a known  time  in  a large  340-cd/m2  (100-fL)  dis- 
play field.  Hence,  these  conditions  are  very  similar  to 
those  in  Figure  3.1-16.  In  study  B,  which  was  conducted 
in  the  same  lab  as  the  study  in  Figure  3.1-16,  the  subject 
adjusted  the  luminance  of  the  disc  to  the  point  where  it 
was  barely  visible  (Ref.  30,0.  In  study  C,  the  luminance 
of  the  disc  was  increased  by  the  experimenter  until  the 
subject  reported  that  he  saw  the  target  (Ref.  31,0. 
Neither  study  included  trials  in  which  the  validity  of  the 
subject's  responses  was  checked  by  presenting  a disc  of 
zero  contrast. 

These  three  studies  all  suggest  that  contrast  sensitivity 
between  and  within  subjects  will  vary  by  a ratio  of  at 
least  2.5  to  1.  It  is  also  striking  that  for  the  two  studies 
conducted  in  the  same  lab,  study  B and  the  study  sum- 
marized in  Figure  3.1-16,  the  lowest  contrast  at  which 
any  of  the  subjects  in  study  B considered  the  disc  barely 
visible  yielded  a 90-  to  99-p>ercent  chance  of  detection 
when  the  subjects  were  forced  to  guess  when  the  target 
occurred. 


Figure  3.1-18.  Visual  Performance  Measured  with 
Landolt  Rings  (Ref.  31a,  B).  In  this  study,  Landolt  rings 
were  displayed  to  subjects  at  six  different  modulations, 
and  the  minimum  detectable  gap  size  was  measured.  P is 
the  probability  of  naming  the  orientation  of  the  gap, 
corrected  for  chance.  The  axes  of  the  graph  are  the  same 
as  in  the  previous  figures  in  order  to  facilitate 
comparisons. 


SECTION  3.1  VISUAL  PERFORMANCE 


3.1.5  CYCLICAL  TARGETS 

This  section  siiniinari/es  the  best  available  visual  pet' 
t'ormance  data  for  cyclical  tariiets. 


Figure  3.1-19.  An  Average  Contrast  Sensitivity  Curve 
for  the  Eye.  This  curve,  sometimes  referred  to  as  the  J 
Curve,  is  the  best  currently  available  summary  ot  the 
ability  of  the  eye  to  resolve  cyclical  targets  in  terms  of 
both  contrast  and  spatial  frequency  (Ref.  32).  It  is  a 
very  approximate  visual  fit  to  the  better  visual  perform- 
ance data  summarized  in  Figures  3.1-20  through  -28.  As 
many  of  the  figures  in  Sections  3.1  and  3.2  illustrate, 
there  are  many  factors  that  can  prevent  achieving  this 
performance  level,  particularly  in  the  region  below  a 
modulation  value  of  0.01. 


In  order  to  provide  a better  basis  for  making  compari- 
sons among  different  sets  of  visual  performance  data, 
the  "population  limits”  portion  of  this  curve  is  included 
wherever  possible  in  other  figures  in  this  document. 

The  population  pcdormance  range  illustrated  is  derived 
from  the  only  known  study  in  which  visual  performance 
was  measured  in  terms  of  both  target  size  and  modula- 
tion for  a large  group  of  subjects  (Ref.  29,  C).  The  target 
used  in  this  study  was  a disc,  rather  than  a grating.  The 
test  results  are  summarized  in  Figure  3.1-17. 
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3.1.5  CYCLICAL  TARGETS  (CONTINUED) 


Figura  3.1-20.  Contrast  Sensitivity  (Ref.  33, B)* 

OBJeCTPLAME  SPATIAL  FHEQUENCY 

The  test  conditions  were: 

(cvciej/mm  jt  IX  i)t  2S0  mm) 

003  0 1 03  1 3 10  20 

• Sinusoidal  grating;  vertical  or  horizontal 

p 

• Up  to  17-degree-wide  by  1 1 -degree-high  field  (mini- 

Sl^E  OF  12  CYC’.E  (arc  niiiiuie^) 

mum  of  10  cycles) 

1 300  1 00  30  10  3 1 03 

• Incandescent  illumination 

10 

■— '"virri-  1 I'"..  >Trr-  ■ ,-m 

• 10  cd/m2  (3  fL) 

• Surround  not  defined 

1 - f-UK 

I 2 SUBJECTS  1 

* Binocular  viewing 

• Criterion  — Subject  had  to  state  orientation. 

/ 

• Two  subjects 

= 0 1 

/, 

o 

//I/ 

VJ 

M ' 

< 

/y  / 

^ 0.03 

o 

/ (4 

o 

/ / 

U 01 

■ '{x' 

1 

( 

0003 

■ 

n nm 

. 

1 0.1  0.3  1 3 10  30  100 

SPATIAL  FREQUENCY  (cycles/degree) 

it  i'j 

i 


K 


Figure  3.1-21.  Contrast  Sensitivity  (Ref.  34, C). 
The  test  conditions  were: 

• Vertical  sinusoidal  grating 

• 4-degree-wide  by  ? degree-high  field 

• CRT  display 

• 4.8cd/m2  (1.4fL) 

• Dark  surround 

• Binocular  viewing 

• Criterion— Subject  had  to  adjust  contrast  to  just 
visible. 

• One  subject 
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SECTION  3.1  VISUAL  PERFORMANCE 


3.1.S  CYCLICAL  TARGETS  (CONTINUED) 


Figure  3.1-22.  Contrast  Sensitivity  at  Different 
Luminances(Ref.  35,B).  The  test  conditions  were: 

• Square-wave  2-bar  Cobb  target;  dark  bars 

• Incandescent  illumination 

• Luminance  shown  on  figure 

• Binocular  viewing 

• 0.17-second  exposure  time 

• Criterion  — Subject  stated  target  orientation;  curves 
show  probability  of  right  minus  probability  of  wrong 
answers  equal  to  50  percent. 

• Nine  subjects 


Figure  3.1-23.  Contrast  Sensitivity  at  Different 

Luminances  (Ref.  36, C).  The  test  cr^nditions  were: 

• Sinusoidal  grating 

• 2-degree-diameter  field 

• Green  CRT,  P31  phosphor 

• Luminance  varied;  sea  figure  labeling  (3  to  1000 
trolands  corresponds  to  a luminance  range  of  0.25  to 
110  cd/m^  or  0.07  to  33  fL,  viewed  with  a natural 
pupil) 

• 30-degree  equiluminous  surround 

• Single  eye,  2-mm  pupil 

• Criterion  — Contrast  increased  until  subject  said  he 
could  see  grating. 

• Data  reported  for  one  subject 


SECTION  3.1  VISUAL  PERFORMANCE 


3.1.5  CYCLICAL  TARGETS  (CONTINUED) 


Figure  3.1-24.  Contrast  Sensitivity  at  Different 

Luminances  (Ref.  37, C).  The  test  conditions  were; 

• Sinusoidal  grating 

• 4.5-degree-wide  by  8.2-degree-high  field 

• Monochromatic  green  illumination,  525  nm 

• Luminance  varied;  see  figure  labeling  [the  luminances 
required  to  produce  the  test  conditions  with  a natural 
pupil,  in  cd/m2  and  (fL)  are:  0-0.5(0.15),  E-6(1.8), 
F-1C0(3O)and  1200(350) 

• Dark  surround 

• Single  eye,  2-mm  pupil,  projected  into  eye 

• Criterion  — Subject  varied  contrast  to  bracket  level 
at  which  grating  was  just  perceptible. 

• One  subject 


Figure  3.1-25.  Contrast  Sensitivity  at  Different 
Luminances  and  Field  Sizes  (Ref.  38,C).  The  test  condi- 
tions were: 

• Square-wave  grating 

• 2-  by  2-degree  field  at  7m  (23  ft)  or  12-  by  12-degree 
field  at  1m  (3  ft) 

• Incandescent  illumination 

• Three  luminance  levels 

• 18-  by  18-degree  surround,  probably  equiluminous 

• Binocular  viewing 

• Criterion  — Subject  reduced  contrast  to  minimum 
where  he  still  could  see  the  lines. 

• One  subject 
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SECTION  3.1  VISUAL  PERFORMANCE 


3.1.5  CYCLICAL  TARGETS  (CONTINUED) 


Figure  3.1-26.  Contrast  Sensitivity  for  Monocular 
and  Binocular  Viewing  (Ref.  39,C).  The  test  conditions 
were: 

• Sinusoidal  grating 

• 2-  by  1.3-degree  field 

• CRT  display 

• 80  cd/m^  (25  fL) 

• 12-degree  equiluminous  surround 

• 2.8-mm  pupil;  accommodation  fixed  with  atropine 

• Criterion  - Subject  adjusted  contrast  to  just 
re.'.olve  grating. 

• One  subject 

The  ratio  of  the  monocular  to  binocular  threshold  modula- 
tion was  approximately  1.414. 

To  evaluate  the  impact  of  using  a display  that  would  split 
the  illumination  between  the  two  eyes,  the  contrast  sensi- 
tivity for  one  eye  was  measured  at  two  illumination  levels 
and  a single  spatial  frequeQcy,  30  cycles/degree.  The  con- 
trast threshold  at  40  cd/m^  was  1.17  times  the  threshold 
at  80  cd/m%  indicating  that  binocular  viewing  is  advanta- 
geous even  if  the  illumination  is  limited. 


3.1-23 


\ 


\ 


\ 


/ 


SECTION  3.1  VISUAL  PERFORMANCE 


3.1.5  CYCLICAL  TARGETS  (CONTINUED) 


Figure  3.1-27.  Sine-Wave  and  Square-Wave  Contrast 
Sensitivity  (Ref.  40,B).  The  test  conditions  were: 

* Sinusoidal  and  square-wave  gratings  (see  figure  labeling) 

* 6-  by  6-degree  field 

* Incandescent  illumination 

• 70  cd/m2  (2C  f L) 

* Equiluminous  surround;  size  not  specified 

• Binocular  viewing 

• Criterion  — Contrast  reduced  until  subject  reported 
grating  disappeared. 

• Probably  one  subject 

Contrast  sensitivity  for  the  two  kinds  of  gratings  is  very 
similar  except  at  spatial  frequencies  below  2 cycles/degree, 
where  the  sinusoidal  grating  is  less  visible  than  tne  square- 
wave  grating. 
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SECTION  3.1  VISUAL  PERFORMANCE 


3.1.5  CYCLICAL  TARGETS  (CONTINUED) 
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Figur*  3.1-28.  Sine-Wave  and  Square-Wave  Contrast 
Sensitivity  (Ref.  41, B).  The  test  conditions  were; 

• Sinusoidal  or  square-wave  grating,  switched  on  and  off 
at  0.5  Hz 

• 10-  by  '0-degree  field 

• Two  viewing  distances,  2.8m  and  0.6m  (9  ft  and  2 ft) 
used  to  obtain  an  adequate  spiatial  frequency  range 

• White  CRT  display 

• 500cd/m2  (145fL) 

• 30-degree  equiluminous  surround 

• One-eye  viewing;  2.5-mm  pupil;  atropine  used  to  fix 
accommodation 

• Criterion-Subject  adjusted  contrast  so  that  grating 
was  barely  visible. 

• Two  subjects 

As  in  the  previous  figure,  contrast  sensitivity  for  sinu- 
soidal and  square-wave  gratings  is  very  similar  except  at 
spatial  frequencies  below  a few  cycles  per  degree,  where 
the  sinusoidal  grating  is  relatively  less  visible. 
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3.1.6  NUMBER  OF  TARGET  CYCLES  VISIBLE 


Several  studies  denwnstrate  that  if  the  number  of  cycles 
visible  in  a target  is  less  than  some  critical  number,  visual 
performance  is  reduced.  Tlte  data  are  not  ye'  adequate 


to  establish  what  the  critical  number  of  cycles  is,  but  10 
is  certainly  a safe  value. 
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Figure  3.1-29.  Effect  of  Field  Size  (Ref.  41,0.  In  this 
study,  the  number  of  target  cycles  visible  was  controlled 
by  fixing  the  size  of  the  field.  These  data  came  from  the 
same  study  as  the  data  in  Figure  3.1-28.  The  test  condi- 
tions were: 

• Sinusoidal  grating  switched  on  and  off  at  0.5  Hz 

• Square  field;  size  on  figure 

• White  CRT  display 

• 500cd/m2(l45fU 

• 30-degree  equi  luminous  surround 

• One-eye  viewing;  2.5-mm  pupil;  atropine  used  to  fixed 
accommodation 

• Criterion  - Subject  adjusted  contrast  so  that  grating 
was  barely  visible. 

• One  subject 
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SECTION  3.1  VISUAL  PERFORMANCE 


3.1.6  NUMBER  OF  TARGET  CYCLES  VISIBLE  (CONTINUED) 


TARGET  SPATIAL  FREQUEN'CY 
Icycltt/degrecl 


TOTAL  NUMBER  OF  CYCLES 
ACROSS  THE  TARGET 


Figure  3.1-30.  Relative  Efft-ct  of  Number  of  Cyclei  and 
Spatial  Frequency  (Ref.  42,0.  These  graphs  illustrate 
test  data  averaged  over  two  subjects  and  four  test  condi- 
tions, as  follows: 

• Vertical  sinusoidal  grating 

• Three  field  sizes,  as  shown 

• CRT  display 

• 9.3cd/m2  (2.7  fL) 

• Dark  surround  in  conditions  B and  0;  equiluminous 
surround  in  A and  C 

• Monocular  viewing  with  natural  pupil 

• Criterion-In  conditions  A and  B,  the  subject  switched 
manually  between  the  grating  and  a uniformly  lumi- 
nous display  and  adjusted  the  grating  contrast  to  the 
minimum  value  that  could  be  distinguished  from  the 
uniform  field.  In  conditions  C and  D,  the  subject 
switched  between  the  test  grating  and  a standard  grat- 
ing that  had  a contrast,  C^,  of  0.1  and  filled  the  field 
with  1.5  cycles.  In  this  case,  he  adjusted  the  test  grat- 
ing contrast  until  it  was  subjectively  equal  to  the  con- 
trast cf  the  standard  grating. 

Because  the  data  shown  here  were  averaged  over  four  very 
different  sets  of  test  conditions,  they  cannot  be  compared 
on  an  absolute  ba  is  with  other  studies.  Separate  contrast 
sensitivity  curves  ^or  the  four  test  conditions  were 
reported  for  one  of  the  two  subjects.  These  were  very 
similar  in  shape  to  each  other,  and  to  the  curves  shown 
here,  but  were  shifted  vertically  so  that  the  lowest  con- 
trast, Cm,  values  were  as  follows: 

A - 0.01 
B - 0.02 
C - 0.03 
D - 0.02 

Tie  two  graphs  show  contrast  sensitivity  first  as  a func- 
tion of  spatial  frequency  and  then  as  a function  of  the 
number  of  cycles  present.  The  curves  for  the  three  field 
sizes  appear  to  fall  close  together  in  the  high  spatial  fre- 
quency region  in  the  first  graph,  end  in  the  low  number  of 
cycles  region  of  the  second.  This  suggests  that  although  at 
high  spatial  frequencies  it  is  the  spatial  frequency  that 
determines  visibility,  when  less  than  about  3 cycles  of  the 
target  are  present,  visibility  becomes  highly  dependent  on 
the  ni'-’  ,ber  of  cycles.  Interpretation  of  these  data  is 
complicated  by  the  fact  that  the  target  was  switched  on 
and  off,  making  it  similar  to  a flicker  task. 


Figure  3.1-31 . Effect  of  Number  of  Cycles  in  Target 
(Ref.  43,B).  Two  test  subjects  were  used  to  measure  the 
minimum  contrast,  Cm,  at  which  a vertically  oriented 
sinusoidal  grating  containing  a variable  number  of  cycles 
was  visible.  The  grating  was  displayed  on  a CRT  and  had 
a minimum  height  of  1 degree.  Spatial  frequency  values 
of  2 to  7 cycles/degree  are  included  in  the  upper  curve  and 
1 to  5 cycles  per  degree  in  the  lower  curve.  According  to 
the  report,  contrast  threshold  did  not  vary  with  spatial 
frequency  over  this  frequency  range.  Performance  did 
vary  with  the  number  of  cycles  visible,  reaching  a maxi- 
n :m  somewhere  between  5 and  10  cycles. 
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SECTION  3.1  VISUAL  PERFORMANCE 

3.1.6  NUMBER  OF  TARGET  CYCLES  VISIBLE  (CONTINUED) 


Figure  3.1-32.  Effect  of  Number  of  Cycles  in  Target 
(Ref.  44,0.  In  this  study,  the  target  consisted  of  either 
two  bars  or  a row  of  bars  that  filled  the  9-degree  display 
field.  The  other  test  conditions  were: 

• Square-wave  grating  containing  light  bars  3.8  degrees 
long,  oriented  45  degrees  left  or  right  of  horizontal 

• 32-cd/m2  (9-fL)  background 

• 0.5-second  exposure 

• Criterion  — Subject  said  he  could  see  the  bars  on  half 
the  trials. 

• One  subject 


Figure  3.1-33.  Effect  of  Number  of  Cycles  in  Target 
(Ref.  45,D).  In  this  study,  an  18-cycle  sinusoidal  grating 
was  displayed  on  a CRT,  and  the  number  of  grating  cycles 
was  varied  with  a mask.  Viewing  distance  was  not  con- 
trolled, and  the  scene  luminance  and  number  of  test  sub- 
jects were  not  reported.  Visibility  was  measured  in  terms 
of  the  signal-to-noise  ratio  required  to  obtain  consistent 
reports  from  the  subjects  that  the  target  was  visible. 
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SECTION  3.1  VISUAL  PERFORMANCE 


J.1.7  SPECIAL  TARGET  SHAPES 


Altluiui;h  the  targets  used  in  the  experiments  described 
in  Sections  3.1.3  througli  3.1.h  have  considerable  appli- 
cation in  the  theoretical  analysis  and  testing  of  imagery 
displays,  objects  with  a luminance  distribution  exactly 


like  any  of  these  targets  are  rarely  encountered  by  the 
display  user.  Several  recent  studies  utilizing  targets  rmicn 
more  similar  to  the  edges  that  an  imagery  display  user 
might  actually  be  viewing  are  summarized  here. 


Figure  3.1-34.  Effect  of  Target  Shape  (Ref.  46,0.  The 
test  conditions  were: 

* Vertically  oriented  sinusoidal  grating  or  edge. 

• 2.9-degree-wide  by  1.4degree-high  field 

• Incandescent  illumination 

• 75cd/m2(22fL) 

* Large  equiluminous  surround 

* Single  eye  viewing;  artificial  pupil,  size  not  reported, 
projected  into  eye 

* Criterion  — Subject  adjusted  contrast  until  target 
was  barely  visible. 

• One  subject 

The  spatial  frequency  of  the  edge  target  was  taken  as  the 
spatial  frequency  of  a grating  with  an  equal  luminance 
gradient.  The  upper  illustration  shows,  to  scale,  the 
luminance  distribution  of  two  targets  with  numerically 
equal  contrast  and  spatial  frequency. 
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3.1.7  SPECIAL  TARGET  SHAPES  (CONTINUED) 

Figure  3.1-35.  Effect  of  Target  Shape  (Ref.  47,0.  The 
test  conditions  were; 

• Vertical  sinusoidal  grating  containing  0.5,  1.0,  or  mul- 
tiple cycles;  luminance  oistribution  is  illustrated: 
pattern  was  switched  on  and  off  at  0,5  Hz 

• 1 -degree-diameter  field 

• CRT  display 

• Luminance  not  specified 

• 5-  by  5-degree  equiliiminous  white  surround 
« Binocular  viewing 

• Criterion-Subject  adjusted  contrast  to  make  pattern 
barely  visible:  results  were  the  same  for  50-percent 
probability  of  seeing  measured  objectively  at  selected 
spatial  frequencies. 

• Three  subjects 

Unfortunately  this  report  does  not  include  a clear  state- 
ment of  how  the  contrast  of  each  type  of  target  was  cal- 
culated. The  upper  illustration,  which  is  drawn  to  scale, 
shows  the  most  likely  relative  luminance  distribution  for 
the  three  types  of  targets  when  they  have  numerically 
equal  contrast  and  spatial  frequency. 
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Figure  3.V36.  Effect  of  Target  Shape  (Ref.  48,0.  The 
tett  conditions  were: 

• Dark  vertical  ha.  with  a rectangular  or  Gaussian  lumi- 
nance distrioution  (Ref.  49) 

• 5.5-degree-diameter  field 

• CRT  display 

• 100cd/m2(30fL) 

• Surround  not  reported 

• Binocular  viewing 

• Criterion  — Subject  adjusted  contrast  to  make  bar 
barely  visible. 

• Two  subjects:  figure  illustrates  an  approximate  visual 
fit  to  the  data. 

The  upper  illustration,  which  is  drawn  to  scale,  shows  the 
relative  luminance  distribution  of  the  two  targets  when 
they  have  numerically  equal  contrast  and  spatial  fre- 
quency. Contrast  is  defined  here  as  the  luminance  differ- 
ence across  the  target  divided  by  twice  the  luminance 
averaged  over  the  entire  display  field.  When  the  contiast 
is  low  and  the  bar  fills  only  a small  portion  of  the  display, 
contrast  is  approximately  equal  to  as  used  elsewhere 
in  this  document.  An  exact  conversion  to  contrast  units 
used  by  other  authors  is  very  difficult  (Ref.  50). 


SECTION  3.1  VISUAL  PERFORMANCE 


I 

I 3.1.8  TARGET  ORIENTATION 

I A number  of  studies  have  demonstrated  that  targets  observer  are  easier  to  sec  than  targets  oriented  obliquely 

I oriented  horizontally  or  vertically  relative  to  the  (Ref.  SO).  Two  typical  studies  are  summarized  here. 


Figure  3.1-37.  Contrast  Sensitivity  as  a Function  of 
Target  Orientation  (Ref.  52,8).  Test  conditions  were: 

* Sinusoidal  grating 

* CRT  display 

* Single  eye  viewing;  2.8-mm  pupil 

* Criterion  - Subject  adjusted  contrast  to  threshold  level. 

* Three  subjects 


Figure  3.1-38.  Minimum  Visible  Size  (Ref.  53,8).  The 
test  conditions  were: 

• Square-wave  grating  filling  display  field 

• 4-degree-diameter  field 

• Incandescent  illumination 

• Retinal  illuminance  of  100  trolonds  (equivalent  to  view- 
ing a 7-cd/m2  or  2-fL  surface  with  a natural  pupil) 

• Single  eye  viewing;  pupil  projected  into  eye 

• Criterion  — minimum  size  at  which  subject  could  cor- 
rectly report  the  grating  orientation 

• Two  subjects 
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3.1.9  VISUAL  PERFORMANCF  AND  EYE  PUPIL  SIZE 


y ) A vital  part  of  the  analysis  of  an  imagery  display 

depends  on  the  relationship  between  visual  performance 
and  eye  pupil  si/e.  (Sec  Section  3.3.)  Wren  the  eye  pupil 
is  small,  vision  is  limited  by  diffraction  effects,  and  when 
the  pupil  is  large,  it  is  limited  by  the  optical  quality  of 
the  eye  and  the  capability  of  the  retina.  Tlie  most  useful 
data  on  tliis  topic  arc  summari/.ed  below.  Considering 
the  importance  of  this  relationship  to  the  design  of 
displays  optimally  matched  to  the  eye,  there  is  surpris- 
ingly little  test  data  available. 

In  the  analysis  of  an  optical  display,  visual  performance 
as  a function  of  pupil  size  is  usually  expressed  as  the 
smallest  resolvable  target  size  multiplied  by  the  diameter 


of  the  pupil.  This  unit  is  known  ai  specific  resolution  or 
as  the  coefficient  of  specific  resolution. 

Visual  performance  varies  both  with  pupil  size,  as  is 
illustrated  here,  and  with  scene  illumination,  a topic  that 
is  reviewed  in  Section  3.2.  As  scene  luminance  decreases, 
pupil  size  increases,  thereby  partially  compensating  for 
the  reduction  in  available  light.  There  is  a very  small 
amount  of  evidence  that  the  normal  variation  in  pupil 
size  with  illumination  follows  a function  that  yields  the 
best  compromise  between  the  amount  of  light  reaching 
the  retina  and  the  apetture  effect  of  the  pupil,  thereby 
resulting  in  the  best  possible  vision  at  any  scene 
luminance  level  (Ref.  54, D). 
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Figure  3.1-39.  Visual  Performance  in  Terms  of  Target 
Size  and  Contrast  (Ref.  55,0.  This  is  the  only  known 
study  in  which  visual  performance  was  measured  with 
such  a wide  range  of  pupil  sizes  and  with  targets  that 
varied  in  both  modulation  and  size.  Although  it  is  im- 
possible to  be  certain,  the  data  summarized  here  are 
apparently  based  on  three  test  subjects.  The  test 
target  was  a square-wave  grating  with  a slight  curve  to 
the  bats.  Luminance  was  1,500  cd/m2  (430  fLl.  The 
pupil  was  a metal  aperture  placed  in  front  of  the  eye. 
The  target  surround  was  dark,  which  probably  reduced 
performance  (Section  3.2,12). 
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3.1.9  VISUAL  PERFORMANCE  AND  EYE  PUPIL  SIZE  (CONTINUED) 


Figure  3.1-40.  Visual  Performance  in  Terms  of  Target 
Size.  The  two  studies  summarized  here  used  high- 
contrast  test  targets.  The  relative  effect  of  pupil  size  on 
vision  was  nearly  identi..al  in  the  two  studies  here,  and  in 
two  others  that  used  comparable  test  conditions  but  less 
adequate  control  of  the  amount  of  light  that  reached  the 
retina  with  different  pupil  sizes  (Ref.  56). 

The  test  conditions  for  the  study  summarized  in  the  upper 
curve  in  each  figure  were  (Ref.  57, B): 

• Two  light  bars  (Cobb  target)  with  a square-wave  lumi- 
nance distribution 

• Incandescent  illumination 

• Retinal  illuminance  of  150  trolands  (equivalent  to  view- 
ing a 10-cd/m^  or  3-fL  surface  with  a natural  pupil) 

• Metal  pupil  1 5 mm  in  front  of  eye  pupil 

• Criterion  — Subject  adjusted  target  size  to  make  bar 
separation  just  visible. 

• Three  subjects 

The  test  conditions  for  the  study  summarized  in  the  lower 
curve  in  each  figure  were  (Ref.  58,B); 

• Square-wave  g.ating  filPng  display  field 

• 4-degree-diameter  field 

• Incandescent  illuTiination 

• Retinal  illuminance  of  1,000  trolands  (equivalent  to 
viewing  a 1 lO-cd/m^  or  l2-f  L surface  with  a natural 
pupil) 

• Surround  probably  dai  k 

• Single  eye  viewing;  pupil  projected  into  eye 

• Criterion  - minimum  size  at  which  the  subiset  could 
correctly  report  the  grating  orientation 
Two  subjects,  except  only  one  for  the  largest  pupil 
condition  (indicated  with  a dashed  line) 

A luminance  level  10  times  lower  reduced  performance 
but  had  little  if  any  impact  on  the  relationship  between 
performance  and  pupil  size. 


Figure  3.1-41.  Effect  of  Pupil  Size  on  Contrast  Sensitiv- 
ity (Ref.  59,0.  The  test  conditions  were: 

• Sinusoidal  grating 

• 2-  by  1.3-degree  field 

• CRT  display  with  green  phosphor,  PI 

• 100cd/m2(30fL) 

• Equiluminous  surround 
Accommodation  fixed  and  natural  pupil  dilated  with 
drugs;  artificial  pupil  sizes  as  shown 
Criterion-Subject  adjusted  contrast  to  just  resolve 
grating. 

One  subject 
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3.1.10  FACTORS  THAT  REDUCE  VISUAL  PERFORMANCE 

CAUTION:  The  data  in  Sections  3.1.4  through  3.1.9  may  overestimate  visual  ability  in  applied  situations. 


Most  of  the  datu  presented  in  Sections  3.1.4  through 
3.1.‘)  were  collected  under  ideal  laboratory  conditions. 
Tliat  is,  the  background  was  uniformly  luminous,  the 
subjects  were  familiar  with  the  appearance  of  the  target 
and  knew  where  and  when  it  would  appear,  and  viewing 
time  was  umally  not  severely  restricted.  Imagery  viewing 
conditions  arc  seldom  so  favorable,  and  the  minimum 
target  size  or  contrast  that  can  be  seen,  the  time  required 
to  perform  a visual  task,  or  the  number  of  targets  niissed 
are  accordingly  increased.  This  section  lists  a few  of  the 
factors  that  can  cause  such  an  increase  and  summarizes 
the  available  test  data.  The  total  reduction  in  vision 
associated  with  a particular  set  of  viewing  conditions, 
relative  to  vision  under  ideal  conditions,  is  sometimes 
referred  to  as  the  field  factor  (Ref,  60). 

Tlic  following  viewing  conditir>ns  and  situations  gcnei- 
ally  result  in,  or  at  least  are  associated  with,  a reduction 
in  visual  ability: 

• Reduction  in  luminance  -Typical  reductions  in  visual 
ability  with  a reduction  in  luminance  arc  shown  in 
Figure  3.142  and  in  several  figures  in  Sections  3.1.6 
and  3.2.6. 

• Reduction  in  time  available  to  look  at  or  search  for 
the  target-  One  study  showing  the  reduction  in  visual 
ability  with  reduced  target  exposure  time  is  summa- 
rized in  Figure  3.142.  The  impact  of  time  on  this 
kind  of  very  simple  visual  task  is  likely  to  be 
considerably  less  than  in  a complex  imagery  search 
situation.  Figure  3.5-2  shows  representative  data  for 
search  performance  as  a function  of  time. 

• Introduction  of  a nonuniform  background -If  the 
luminance  in  the  area  around  the  target  is  not 
uniform,  the  target  will  be  more  difficult  to  see;  if  a 
search  task  is  involved,  the  target  will  be  more 
difficult  to  find.  Unfortunately  there  are  no  known 
data  that  provide  a direct  comparison  between  visual 
thresholds  for  uniform  and  nonuniform  backgrounds. 
However,  Figures  3.1-44,  45,  and  46  below  provide 
limited  information  about  visual  performance  wdth  a 
nonuniform  background,  as  does  Reference  62.  Tlte 


reduction  in  search  performance  with  a nonuniform 
background  is  at  least  partially  due  to  the  fact  that 
time  is  lost  looking  at  objects  visually  similar  to  the 
target  being  sougirl  (Ref.  63). 

• Introduction  of  noise  Noise,  such  as  grain  in  a 
photograpli  or  electronic  noise  in  an  electro-optical 
display,  creates  a nonuniform  background,  and  in 
addition  can  obscure  the  target  directly.  The  effects 
of  noise  in  electro-optical  displays  are  covered  in 
Section  4.3.3. 

• Lack  of  experience  with  the  viewing  situation 
Subjects  required  to  state  whether  or  not  a disc  target 
was  visible  required  2.0  times  as  much  contrast  on 
initial  trials  as  they  required  when  experienced  (Ref. 
63,X).  Unfortunately  the  author  of  this  statement  did 
not  indicate  in  the  report  of  his  follow-on  research, 
sumntarized  as  study  B in  Figure  3.1-17,  whether  the 
subjects  in  the  latter  study  fell  into  the  experienced 
or  inexperienced  category. 

• Lack  of  knowledge  about  the  target  shape  and 
orientation-  In  the  study  summarized  in  Figure  3.5-3, 
subjects  were  more  successful  in  locating  a target 
when  they  knew  its  orientation  than  when  they  did 
not.  Orientation  information  would  probably  be  less 
important  for  extremely  familiar  objects.  Familiar 
objects  should  also  be  easier  to  find,  or  visible  at 
lower  contrasts,  than  unfamiliar  ones.  There  is  some 
discussion  cf  this  in  Figure  3.I-I  I. 

• Reductiof  in  information  about  when  a target  will 
appear- Elimination  of  the  signal  warning  that  a 
target  was  about  to  appear  in  a study,  such  as 
described  in  Figures  4.2-17  and  42.  increased  the 
contrast  threshold  by  a factor  of  1.4  (Ref.  64,D). 

• Displacerr>ent  of  the  target  from  the  fixation  point 
As  Figures  3.5-10,  -II,  and  -12  illustrate,  visual 
ability  in  the  peripheral  visual  field  is  worse  than  at 
the  fixation  point.  Contrast  thresholds  for  disc  targets 
1.5  degrees  fiom  the  fixation  point  were  2.6  times 
the  value  at  the  fixation  point  in  a study  similar  to 
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those  described  in  Figures  3.1-16  and  -42  (Ref.  65, X). 
At  2°  from  the  fixation  point,  the  increase  was  4 
times  the  value  at  the  fixation  point.  (These  data  are 
probably  from  the  study  illustrated  in  the  upper 
graph  of  Figure  3.5-12.) 

• Reduction  in  the  information  about  target  location  - 
In  most  of  the  experiments  described  previously  in 
Section  3.1,  the  subjects  knew  the  exact  location  of 
the  target.  Contrast  thresholds  increased  by  a factor 
of  1 .3  when  the  disc  target  appeared  3 to  4 degrees 
on  either  side  of  the  fixation  point  in  studies  such  as 
those  summarized  in  Figures  3.1-16  and  42  (Ref. 
64 ,X).  Target  exposure  duration  in  this  study  was  not 
reported,  but  it  must  have  had  an  effect  on  the 
results.  Additional  studies  on  this  topic  in  which 
visual  search  was  involved  are  summarized  in  Figures 
3.143  and  -44  below. 

• Reduction  of  the  rate  at  which  targets  appear- 
Presenting  disc  targets  in  a situation  like  that 
described  in  Figures  3.1-16  and  42  at  an  average  rate 
of  one  per  15  minutes,  rather  than  one  per  10  to  30 
seconds,  increased  contrast  thresholds  1.2  times  (Ref. 
64,D).  An  extremely  low  target  rate  makes  the  visual 
task  a vigilance  task  as  well.  The  many  factors  that 
affect  vigilance  have  been  extensively  studied  (Ref. 
66).  The  rate  at  which  new  targets  are  found  in  most 
imagery  search  situations  is  very  low. 


• Reduction  in  the  reward  for  a correct  response, 
relative  to  the  penalty  for  reporting  the  wrong  object 
as  a target - The  probability  that  a particular  object 
that  looks  sort  of  like  a target  will  be  reported  as  a 
target  depends  heavily  on  the  relative  values  of  the 
rewards  and  penalties  for  making  a correct  or 
incorrect  report  of  a target,  or  for  missing  a target. 
For  example,  if  all  correct  responses  are  rewarded  and 
there  is  no  penalty  for  wrong  responses,  the  subject 
will  be  more  likely  to  guess  and  hence  will  have  a 
lower  threshold  than  if  he  is  penalized  for  reporting 
objects  that  are  not  targets.  Because  each  individual 
assigns  different  relative  values  to  tangible  things,  like 
money,  and  to  intangible  things  like  criticism  or  the 
knowledge  that  a particular  test  response  was  correct, 
these  rewards  and  penalties  are  never  fully  under  the 
control  of  the  experimenter  or  employer.  In  simple 
experimental  situations,  it  is  sometimes  possible  to 
reduce  the  impact  of  this  variable  on  the  results  by 
forcing  the  test  subject  to  make  a choice  between 
several  alternatives.  For  example,  in  the  study  in 
Figure  3.1-16,  the  subjects  had  to  choose  which  of 
four  time  intervals  contained  a target,  while  in  studies 
B and  C in  Figure  3.1-17,  they  judged  when  the  target 
was  visible. 


1 ) 


3.1-36 


SECTION  3.1  VISUAL  PERFORMANCE 


3.1.10  FACTORS  THAT  REDUCE  VISUAL  PERFORMANCE  (CONTINUED) 


( ) 


o 


Figure  3.1-42.  Effect  of  Luminance  and  Time  on  Con- 
trait  Sensitivity.  In  this  study,  which  is  from  the  same  lab 
as  Figure  3.1-16,  subjects  attempted  to  determine  which 
of  four  time  intervals  contained  a luminous  disc  of  the 
indicated  size  and  duration  (Ref.  67,B).  PerformanM  was 
worse  at  lower  background  luminances  (Section  3.2.6) 
and  with  shorter  target  exposure  durations. 

The  data  shown  here  are  probably  based  on  a success 
prribability,  corrected  for  chance,  of  0.5.  However,  this  is 
not  certain  from  the  available  reports. 
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Figure  3.1-43.  (^ntrast  Sensitivity  in  a Search  Situa- 
tion. In  this  study,  subjects  searched  a 32-degree-diameter 
field  with  a uniform  luminance  of  42  cd/m2  (12.4  fL)  for 
a single  13-arc-minute-diameter  light  circular  disc  (Ref. 

68, C).  As  part  (a)  illustrates,  the  higher  contrast  discs 
were  found  rapidly,  wh'le  an  appreciable  number  of 
lower  contrast  discs  had  still  not  been  found  after  30 
seconds  of  searching.  The  vertical  scale  in  this  figure 
matches  a complex  probability  function  and  has  no 
100-percent  value. 

In  part  (b),  the  disc  size  and  contrasts  are  shown  on  the 
same  coordinate  system  used  in  Figure  3.1-16.  The 
study  described  in  that  figure  used  a similar  disc  target, 
but  the  subjects  knew  exactly  where  it  would  appear 
and  only  had  to  decide  within  which  of  four  time 
intervals  it  occurred.  In  the  study  described  here,  the 
requirement  to  search  for  the  target  disc  made  the  disc 
much  harder  to  find.  Other  data  from  this  study,  not 
illustrated  here,  showed  that  increasing  the  size  of  the 
field,  or  decreasing  its  luminance,  also  made  the  disc 
more  difficult  to  find. 


Figure  3.1-44.  Effect  of  Background  Clutter.  In  this 
study,  subjects  searched  for  a single  dark  Landolt  ring 
located  in  a uniform  density  area  of  at  least  a degree  or  so 
In  a photograph  of  an  aerial  map  (Ref.  69,X).  The  overall 
diameter  of  the  ring  was  10  arc  minutes.  The  subjects 
were  not  required  to  state  the  ring  orientation.  The  illumi- 
nation on  the  photograph  was  nominally  1200  lux  (1 10 
footcandles).  The  density  variations  in  the  photograph 
were  not  constant  across  different  ring  contrast  condi- 
tions, since  lower  ring  contrasts  were  obtained  by  com- 
pressing the  total  density  range.  This  should  have  made 
the  lower  contrast  rings  easier  to  find  than  if  the  full  range 
of  densities  had  been  retained.  The  search  area  was  27 
degrees  square. 

In  order  to  simplify  the  comparison  of  these  data  with  the 
results  of  other  studies,  success  in  finding  each  size  and 
contrast  target  with  120  seconds  of  search  is  shown  here 
on  the  same  coordinates  used  in  Figure  3.1-16.  Most  tar- 
get rings  were  located  in  much  less  than  120  seconds.  The 
report  does  not  make  it  clear  whether  search  was  allowed 
to  continue  beyond  120  seconds. 

The  data  shown  in  this  figure  are  the  same  as  the  tree- 
search  condition  in  Figure  5.4-2. 
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5 SUBJECTS 


Figure  3.1-45.  Forced  Search  in  Background  Clutter. 

This  figure  is  based  on  the  same  general  test  conditions  as 
Figure  3.1-44,  except  that  the  27 -degree-square  test  field 
was  broken  into  144  2.3-degree  squares  and  the  subject 
was  given  0.65  second  to  view  each  (Ref.  69,D).  (Figure 
5.4-2  is  based  on  the  same  study.)  Thirty-six  of  the  144 
squares  contained  rings.  Three  sizes  of  rings,  5,  10,  and  20 
arc  minutes  in  diameter,  were  used.  Under  these  condi- 
tions, the  reduction  in  performance  was  even  greater  than 
in  Figure  3.1-44. 
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TARGET  SIZE  (arc  mlnulM) 


LIGHT  ARROW  TARGET  WITH  LOCATING  LINES 


CONTRAST  (Cm)  REQUIRED  FOR  ARROW  TO  BE 
REPORTED  VISIBLE  50  PERCENT  OF  TIME  = 0.017 

CONTRAST  (Cm)  REQUIRED  TO  DETERMINE  ORIEN- 
TATION SO  PERCENT  BETTER  THAN  CHANCE  ■=  0.029 


Figure  3.1-46.  Contrast  Sensitivity  in  a Photographic 
Image.  In  this  study,  a light  arrow  was  projected  onto  1 
of  32  uniform  density  areas  on  the  projections  of  six 
black  and  white  amateur-type  snapshots  (Ref.  70,0.  The 
approximate  shape  of  the  0.5-degree-wide  arrow  is  shown 
here.  To  help  the  subjects  find  the  arrow,  it  was  located  in 
the  open  center  of  a cross  formed  by  four  lines.  The  pro- 
jection screen  luminance  with  no  film  present  was  34 
cd/m^  (10  fL).  The  32  uniform  density  areas  ranged  in 
luminance  from  about  0.1  to  28  cd/m^  (0.03  to  8 f L). 

The  luminance  increment  of  the  lines  was  constant  at  3.4 
cd/m'  (1.0  fL),  while  the  luminance  of  the  arrow  was  set 
at  different  levels  io  cover  the  threshold  range. 

The  arrow  and  lines  appeared  for  2 seconds,  which  report- 
edly gave  the  subjects  about  1 second  to  find  the  four 
lines  and  1 second  to  study  the  arrow.  The  subjects  first 
indicated  whetiier  they  could  see  the  arrow  and  then  gave 
their  best  estimate  of  its  orientation.  Preliminary  testing 
was  used  to  establish  the  ratio  between  the  threshold  con- 
trast for  seeing  the  target  and  for  establishing  its  orienta- 
tion. After  this,  only  orientation  responses  were  required 
and  these  were  used  to  calculate  the  threshold  for  seeing 
the  target. 

■Rie  thresholds  given  here  were  approximately  constant 
over  a background  luminance  range  of  about  1 to  28 
cd/m^  (0.3  to  8 fL).  A further  reduction  in  background 
luminance  to  0.1  cd/m^  (0.03  fL)  increased  the  required 
contrast  by  a factor  of  10  times. 
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SECTION  3.1  VISUAL  PERFORMANCE 

3.1.10  FACTORS  THAT  REDUCE  VISUAL  PERFORMANCE  (CONTINUED) 


Figure  3.1-47.  Contrast  Sensitivity  in  a Simulated  Work 
Task.  This  study  illustrates  an  attempt  to  estimaie  con- 
trast thresholds  for  tasks  more  similar  to  normal  work  sitU' 
ations  than  the  typical  laboratory  experiment  (Ref.  71,0. 
Subjects  attempted  to  detect  light  2.6-arc  minute  discs 
centered  in  uniformly  luminous  circular  display  fields  as 
thece  moved  past  the  subject's  workstation.  Display  field 
size  was  not  given,  but  was  probably  several  degrees.  Sub- 
jects responded  by  depressing  a pushbutton  below  each 
display.  This  part  of  the  task  reportedly  did  not  limit 
performance. 

New  display  fields  appeared  at  a rate  of  either  1 or  2.5  per 
second,  which  gave  the  subject  an  average  time  of  either  1 
or  0.4  second  to  study  each  field.  Contrast  thresholds 
obtained  in  this  manner  were  compared  with  values  using 
the  same  size  disc  and  the  same  exposure  times,  either  1 
of  0.4  seconds,  but  with  the  target  disc  appearing  during 
one  of  four  intervals  as  in  Figure  3.1-16. 
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Adequate  illumination  is  esse  itial  if  the  user  is  to  take 
full  advant:<i;e  of  an  imagery  display.  Proper  specitlea- 
tion  of  illumination  must  include  quantity,  spectral 
distribution,  and  spatial  distribution.  The  available  infor- 
mation on  user  requirements  in  each  of  these  areas  is 
treated  in  Sections  3.2.6  through  3.2.13  below. 

The  requirement  to  specify  illumination  implies  a need 
to  be  able  to  properly  describe  and  measure  it.  Because  a 
certain  amount  of  confusion  exists  in  these  areas. 
Sections  3.2.1  through  3.2.4  are  devoted  to  a brief 


3.2.1  PHOTOMETRIC  CONCEPTS 

l.ighl  can  be  described  as  radiant  energy  traveling  in  the 
form  of  electromagnetic  waves  and  having  a wavelength 
proper  for  evoking  a visual  sensation  (Ref.  1 ).  In  this 
document  the  spectral  range  for  liglit  is  taken  as  400  to 
700  nm,  even  thougli  if  the  energy  level  is  sufficient, 
wavelengths  adjacent  to  this  region  will  also  evoke  a 
visual  sensation  (Ref.  2). 

Tlie  term  radiometry  applies  to  the  measurement  of 
mdiant  energ)’  and  the  term  photometry  to  similar 
measurements  when  the  spectral  region  measured  has 
been  weigltted  according  to  the  sensitivity  of  the  eye  to 
energy  at  each  point  along  the  spectrum,  using  the  curve 
shown  in  Figure  3.2-2.  With  the  exception  of  the 
treatment  of  infrared  and  ultraviolet  energy  in  Section 
6.8,  this  document  is  concerned  only  with  photometry. 

Techniques  for  measuring  and  describing  light  are 
described  in  numerous  sources  (Ref.  3).  This  section  is 
therefore  limited  to  two  factors  of  particular  importance 
in  the  photometry  of  imagery  displays,  the  spectral 
response  of  the  sensor  and  the  geometric  limitations  on 
the  energy  it  accepts.  For  the  special  problem  of 
electro-optical  displays  a third  factor,  the  temporal 
response  of  the  sensor,  is  also  important  (Section  4.2). 

The  most  important  radiometric  and  photometric  terms 
used  in  this  document  are  listed  below. 

• Radiant  power,  also  called  radiant  flux,  is  the  time 
rate  of  flow  of  radiant  energy.  Typical  units  are 
joules/second  or  watts. 

• Luminous  power,  also  called  homious  flux,  is  radiant 
power  weighted  according  to  the  spectral  sensitivity 
of  the  eye.  The  basic  unit  is  the  lumen. 


summary  of  photometric  concepts  and  techniques.  The 
following  aids  are  of  particular  importance  when  display 
luminance  must  be  measured; 

• Charts  I'or  converting  scene  luminance  to  retinal 
illuminance  (Figures  3.2-14,  -15,  and  -16). 

• A discussion  of  photometry  as  it  applies  to  imagery 
displays  (Sections  3.2.3  and  3.2.4,  and  particularly 
Figures  3.2-21  and  -22). 


• Illuminance,  formetly  called  illumination,  is  the 
luminous  power  per  unit  area  (density)  incident  upon 
a surface.  Units  are  lux  and  footcandles. 

• Luminance  is  the  luminous  power  per  unit  solid  angle 
leaving,  passing  througli,  or  arriving  at  a unit  surface 
area  in  a specified  direction.  The  surface  area  is 
defined  in  terms  of  the  apparent  area  as  viewed  from 
the  specified  direction.  Common  units  are  candelas 
per  square  meter  (cd/m^)  and  footlamberts  (fL). 
Conversions  among  the  several  luminance  units  in  use 
are  included  in  Figures  3.2-14,  -15,  and  -16. 

Luminance  is  the  most  frequently  used  of  these  quanti- 
ties in  imagery  displays.  Like  the  response  of  the  eye  to 
a luminous  surface,  the  definition  of  luminance  involves: 

• The  apparent  si/e  of  the  luminous  surface 

• The  angular  size  of  the  bundle  of  light  rays  reaching 
the  sensor  from  a single  point  on  the  surface 

• Tlie  direction  in  which  the  liglit  is  traveling 

The  term  brightness  has  been  used  to  refer  both  to 
luminance  and  to  the  visual  sensation  associated  with  a 
given  luminance.  Preferred  usage  at  present  is  to  restrict 
the  term  “brightness’  to  the  latter  meaning. 

Luminance  measurement  is  complicated  in  some  situa- 
tions because  the  size  of  the  bundle  of  light  rays  that 
reaches  the  sensor  of  the  eye,  the  retina,  is  controlled  by 
the  size  of  the  eye  pupil,  which  varies  with  luminance. 
The  impact  of  this  on  display  luminance  measurement  is 
discussed  in  Section  3.2.4. 
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Figure  3.2-1.  Spectral  Senritivity  of  Retinal  Receptors. 

As  this  figure  illustrates,  the  dark  adapted  rods  are  much 
more  sensitive  to  radiant  er  ergy  than  the  cones  over  most 
of  the  visual  spectrum,  and  have  their  peak  sensitivity  at  a 
slightly  shorter  wavelength  (Ref.  4).  The  cones  outside 
the  fovea  have  a very  similar  spectral  sensitivity. 

The  range  of  luminance  over  which  the  eye  functions  is 
normally  broken  into  three  regions  (Ref.  5): 

• Phutopic-  Luminance  more  than  10  cd/m^  (3  f L); 
vision  primarily  with  cones,  although  the  rods  may 
contribute  in  the  periphery. 

• A/esopir- Luminance  of  10'^  to  10  cd/m^  (3  x 10"^  to 
3 fL);  vision  with  both  rods  and  cones 

• 5c«fop/V— Luminance  less  than  lO'^cd/m^  (3x  10'^ 
f L);  vision  with  rods  only 

Vision  with  imagery  displays  depends  almost  exclusively 
on  the  cones,  although  at  some  luminance  levels  the  rods 
may  contribute  in  the  periphery. 

The  distribution  of  rods  and  cones  across  the  retina  is 
treated  in  Section  3.5.2. 
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LUMINOSITY  FUNCTION  RANGE  FOR 

FOR  1931  CIE  STANDARD  37  SUBJECTS 

OBSERVER  (Ref.  6.B) 


WAVELENGTH  (nm) 


Figure  3.2-2.  Relative  Contribution  of  Different  Wave- 
lengths to  Luminance-the  Luminosity  Function.  The 
contribution  of  radiant  energy  at  each  wavelength  in  the 
visual  spectrum  to  the  sensation  of  brightness  is  known  as 
relative  luminosity  and  is  generally  defined  in  terms  of  a 
standard  observer.  The  most  commonly  used  standard, 
the  1931  CIE  Standard  Observer,  is  described  by  the  solid 
curve  in  this  figure.  It  was  adopted  by  the  CIE  in  1931 
and  is  based  jn  data  from  several  subjects  with  normal 
color  vision  and  a 2-degree  target  size  (Ref.  7).  The  1931 
CIE  Standard  Observer  is  described  more  fully  in  Section 
5.2.1.3  and  in  most  books  on  color  (Ref.  8).  The  values 
pic’ted  here  are  generally  identified  as  Jx  tristimulus 
values  for  an  equal  energy  spectrum  in  such  sources  and 
in  Figure  5.2-7.  Since  this  curve  describes  the  relative 
contribution  of  different  parts  of  the  spectrum  to  the 
sensation  of  brightness,  it  also  describes  the  correct 
relative  sensitivity  across  the  spectrum  for  a sensor  used 
to  measure  luminance. 

The  range  of  relative  luminosity  values  obtained  for  a 
different  group  of  37  similar  subjects  is  shown  by  the 
broken  curves  and  provides  an  indication  of  the  amount 
of  variation  that  can  be  expected  among  Individuals. 
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SECTION  3.2  ILLUMINATION 


3.2.1  PHOTOMETRIC  CONCEPTS  (CONTINUED) 


Figure  3.2-3.  Relationship  of  Radiant  and  Luminous 
Energy.  This  figure  shows  how  spectral  plots  of  radiant 
and  luminous  energy  can  give  a very  different  indication 
of  the  relative  importance  of  energy  in  portions  of  the 
visual  spectrum. 

The  spectral  output  of  a lamp  is  usually  expressed  in 
terms  of  relative  radiant  energy  at  each  wavelength  across 
the  visual  spectrum.  The  contribution  to  image  luminance 
of  the  energy  radiated  in  different  parts  of  the  spectrum 
is  better  illustrated  by  the  relative  luminous  energy  out- 
put at  each  wavelength.  This  is  obtained  by  weighting  the 
radiant  energy  output  by  the  luminosity  curve  for  the  eye 
illustrated  in  Figure  3.2-2.  Part  (a)  of  this  figure  shows 
relative  radiant  energy  and  liiminaus  energy  produced  by 
an  incandescent  lamp  at  two  color  temperatures.  Part  (b) 
shows  similar  data  for  a fluorescent  lamp. 

The  solid  curves  in  these  illustrations  represent  only  rela- 
tive luminosity,  not  color;  adequate  representation  of 
color  requires  weighting  of  the  radiant  energy  by  two  addi- 
tional curves,  as  is  described  in  Section  5.2. 1.3. 
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3.2.1  PHOTOMETRIC  CONCEPTS  (CONTINUED! 


PHOTODETECTOR 


0 - HALF  THE  ACCEPTANCE 
APERTURE  ANGLE 

a - HALF  THE  FIELD  ANGLE 


LUMINANCE  SENSOR 


PHOTO  DETECTOR  • 


LIGHT  FROM 
MANY  DIFFERENT' 
SOURCES 


DIFFUSER 


ILLUMINANCE 

SENSOR 


Figure  3.2-4.  Luminance  Sensor  Configuration.  Lumi- 
nance measurements  must  be  made  with  a sensor  such  as 
the  one  in  the  upper  part  of  the  illustration  that  accepts 
light  only  from  a limited  area  that  is  traveling  in  a limited 
range  of  directions.  This  can  be  contrasted  with  the 
illuminmu  .•  sensor  iliustrated  on  the  left  that  accepts 
essentially  all  the  light  that  reaches  a given  surface  area, 
regardless  of  the  direction  from  which  it  approaches. 

A luminance  sensor  is  characterized  geometrically  by  two 
factors, 9 and  a,  defined  as  illustrated.  So  long  as  the 
photometer  is  operated  with  the  luminous  surface  being 
measured  in  focus  on  the  photodetector  aperture,  these 
are  directly  equivalent  to  the  angular  field  size  and 
entrance  aperture  of  a display  device.  It  is  convenient  to 
define  the  entrance  aperture  of  the  photometer  in  the 
same  units  as  for  a display:  numerical  aperture  (NA)  = 
sine  (Figure  3.2-18). 

There  are  many  common  situations,  such  as  when  the 
luminance  of  a large  uniformly  luminous  surface  of  very 
low  collimation  (Figure  3.2-52)  is  being  measured,  in 
which  the  focus  of  the  luminance  sensor  has  little  notice- 
able effect  on  the  luminance  reading  obtained.  (Reference 
11  treats  the  problem  of  focus  in  luminance  sensors.) 
However,  in  the  display  luminance  measurement  situation 
described  in  Figure  3.2-22,  correct  sensor  focusing  is 
critical. 
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3.2.2  PASSAGE  OF  LIGHT  INTO  THE  EYE 

')  Tlie  eye  pupil  constricts  witli  increasing  scene  lumi- 
nance, reducing  hutli  the  angular  si/c  of  the  bundle  of 
rays  entering  the  eye  and  the  illuminance  on  the  retina. 
Tliis  effect  must  be  considered  in  display  design  because 
in  some  cases  the  eye  pupil  is  limiting  and  in  other  cases 
it  is  the  display  exit  pupil  that  is  limiting.  This  difficulty 
also  occurs  with  the  data  on  visual  performance  at 
different  luminance  levels  in  Section  3.2.6. 

Retinal  illuminance  (K)  is  expressed  in  terms  of  the 
trolanJ  (Td).  This  is  denned  as  the  scene  luminance  (L) 
in  metric  units  (cd/m-),  multiplied  by  the  pupil  area  (A) 
in  square  millimeters.  Expressed  as  an  equation,  E = AL. 
As  an  example,  a retinal  illuminance  of  1 Td  would  be 
produced  by  a pupil  area  of  1 mm-  and  a scene 
luminance  of  1 cd/m-,  or  by  a pupil  area  of  10  mm-  and 
a scene  luminance  of  0. 1 cd/in-. 

Knowledge  of  pupil  size  is  a prerequisite  for  calculating 
retinal  illuminance.  Tlie  best  available  data  on  the  s'ze  of 
summarized  in  Figures  3.2-5  and  - 1 1 below.  Charts  are 
also  included  to  convert  directly  between  scene  lumi- 

o 


SCENE  LUMINANCE  (fU 


SCENE  LUMINANCE  (cd/m^) 


nance  and  retinal  illuminance.  If  an  artificial  pupil  is  in 
use.  the  retinal  illuminance  is  calculated  directly  from 
the  equation  E = AL. 

Tliere  are  many  variables,  in  addition  to  luminance,  that 
affect  eye  pupil  size.  Figures  3.2-7  and  3.2-8  show 
typical  data  for  two  of  these  variables. 

Liglit  that  enters  the  marginal  portion  of  the  eye  pupil  is 
less  effective  in  evoking  a sensation  of  briglitness  than 
the  light  that  enters  at  the  center.  Tliere  is  some 
indication  that  this  phenomenon,  known  as  the  Stiles- 
Crawford  effect,  is  related  to  the  directionality  of  the 
cones  in  the  retina  (Ref.  12).  For  pupil  diameters  larger 
than  2 or  3 mm,  the  effective  retinal  illuminance  is 
reduced  sufficiently  that  the  loss  must  be  considered  in 
precise  work.  Figure  3.2-10  shows  the  appropriate 
correction  when  using  the  equation  E = AL,  and  Figures 
3.2-1 1 througli  -16  include  the  best  available  correction 
when  the  natural  eye  pupil,  rather  than  an  artificial 
pupil,  is  the  limiting  aperture. 


Figu  z Change  in  Pupil  Diameter  With  Scene  Lumi- 
nance. Considerable  new  data  on  the  variation  in  eye 
pupil  size  with  scene  luminance  have  become  available 
since  the  last  summary  curve  was  published  in  1955  (Ref. 
13).  Average  values  reported  by  six  different  experi- 
menters are  illustrated  here  (Ref.  14,X).  All  six  sets  of 
data  were  collected  using  an  extended  visual  field  and  at 
least  five  subjects. 

The  mean  curve,  M,  was  fit  to  these  data  visually.  The 
averaging  was  performed  at  each  integral  value  of  scene 
luminance  expressed  as  log  cd/m^,  with  each  set  of  test 
data  contributing  according  to  the  number  of  subjects 
tested.  Curve  IVI  is  shown  in  large  scale  in  Figure  3.2-1 1 
(Ref.  15). 

These  data  are  based  on  young  and  middle-aged  adults. 
Older  individuals  will  show  less  increase  in  pupil  size  with 
a decrease  in  luminance  (Ref.  42). 
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3.2.2  PASSAGE  OP  LIGHT  INTO  THE  EYE  (CONTINUED) 
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Figure  3.2-6.  Rate  of  Pupil  Size  Changes.  The  eye  pupil 
requires  several  seconds  after  a change  in  scene  luminance 
to  reach  its  final  size  (Ref.  16,8).  The  change  is  faster 
when  the  light  level  is  increased  than  when  it  is  deaeased. 

More  recent  data  suggest  that  in  some  situations  pupil  size 
does  not  change  as  smoothi/  as  is  illustrated  here.  In  one 
study  the  pupil  initially  went  through  a period  of  alter- 
nate dilation  and  contraction  before  reaching  its  final  size 
(Ref.  17,X). 


Figure  3.2-7.  Monocular  Versus  Binocular  Pupil 
Diameter.  Over  a considerable  range  of  scene  luminance 
levels,  the  eye  pupil  diameter  is  less  when  both  eyes 
are  illuminated  than  when  only  one  is  illumir>ated 
(Ref.  16,8). 


Figure  3.2-8.  Effect  of  Target  Distance.  The  pupil  of  the 
eye  contracts  as  the  target  being  viewed  moves  closer.  I’his 
is  apparently  due  to  the  aicommodation  of  the  eye, 
although  convergence  may  also  be  involved. 
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3.2.2  PASSAGE  OF  LIGHT  INTO  THE  EYE  (CONTINUED) 


Figure  3.2-9.  The  Stiles-Crawford  Effect.  The  relative 
contribution  of  light  entering  various  parts  of  the  pupil  in 
evoking  a sensation  of  brightness  is  illustrated  (Ref.  20). 
This  is  commonly  called  the  Stiles-Crawford  effect  after 
its  discoverers.  Retinal  illuminance  in  the  test  situation 
was  45  Td. 

This  decrease  in  sensitivity  of  the  eye  occurs  in  the  cones 
and  not  in  the  rods  (Ref.  21).  It  is  therefore  appropriate 
to  correct  for  it  only  when  cone  vision  is  involved. 


Figure  3.2-10.  Correction  for  Stiles-Crawford.  Because 
of  the  Stiles-Crawford  phenomenon  (previous  figure),  the 
true  pupil  area  should  be  replaced  by  the  effective  pupil 
area  when  calculating  retinal  illuminance.  The  best  avail- 
able expression  for  the  ratio  between  effective  and  true 
area,  sometimes  called  the  effectivity  ratio,  is  (Ref.  22,C): 

1-0.01 06  d2  + 0.000041 9 d^, 
where  d is  pupil  diameter  in  millimeters. 
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3.2.2  PASSAGE  OF  LIGHT  INTO  THE  EYE  (CONTINUED) 
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Figure  3.2-11.  Eye  Pupil  Size  at  a Function  of  Scene 
Luminance.  The  pupil  size  function  of  Figure  3.2-5  is 
illustrated  here  (Ref.  15).  Both  true  size  and  effective  size 
corrected  fcr  the  Stiles-Crawford  effect,  as  described  in 


Figure  3.2-10,  are  included.  Because  the  Stiles-Crawford 
phenomenon  occurs  only  in  cones,  it  is  not  appropriate  to 
apply  a correction  for  it  much  below  approximately  0.1 
cd/m2  (0.03  fL). 
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3.2.2  PASSAGE  OF  LIGHT  INTO  THE  EYE  (CONTINUED! 


SCENE  LUMINANCE  (fLI 
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Figure  3.2-12.  Comparison  of  Alternative  Pupil  Size 
Functions.  The  best  previously  available  summary  curve 
describing  the  relationship  between  eye  pupil  size  and 
scene  luminance  was  published  by  de  Groot  and  Gebhard 
in  1952  (Ref.  13).  It  was  based  on  eight  studies  but  only 
35  test  subjects.  It  is  compared  here  with  the  curve  from 
Figure  3.2-5,  which  is  based  on  a total  of  1 25  test 
subjects. 


Figure  3.2-13.  Impact  of  Alternative  Pupil  Size  Functbns 
on  Retinal  Illuminance.  The  relationship  between  retinal 
illuminance  and  scene  luminance  using  the  de  Groot  and 
Gebhard  pupil  size  function  and  the  pupil  size  function 
from  Figure  3.2-1 1 are  compared  here.  Both  curves  are 
based  on  true  rather  than  effective  pupil  area. 

The  upper  curve  in  this  figure  is  the  same  as  the  upper 
curve  in  Figures  3.2-15  and  -16. 
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3.2.2  PASSAGE  OF  LIGHT  INTO  THE  EYE  (CONTINUED) 
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Figure  3.2-15. 
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Conversion  of  Scene  Luminances  of  10' ' to  10^  cd/m  to  Retinal  Illuminance 
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RETINAL  ILLUMINANCE  WHEN  SCENE  VIEWED  WITH  NATURAL  PUPIL  (Tdl 
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3.2.2  PASSAGE  OF  LIGHT  INTO  THE  EYE  (CONTINUED) 


SECTION  3.2  ILLUMINATION 


3.2.3  IMAGE  LUMINANCE  IN  DISPLAYS 

This  section  describes  the  several  factors  that  determine 
image  luminance  in  an  imagery  display.  An  understand- 
ing of  these  factors  is  particularly  important  for  an  aerial 
image  display  such  as  a microscope  if  one  desires  to 
predict  the  image  luminance  that  will  result  when  a 


particular  liglit  source  and  microscope  are  combined. 

Tire  derivation  of  the  equations  used  in  this  section  is 
available  in  several  sources  and  will  not  be  repeated  here 
(Ref.  231. 


VIRTUAL 

IMAGE 

DISPLAY 


J 

L| 


ILLUMINATION  IMAGERY 

SOURCE  (FILM) 

IN  OBJECT 

I 1 PLANE 


EYE 


E » RETINAL  ILLUMINANCE  (Td) 

Lj  • EQUIVALENT  LUMINANCE  OF  IMAGE  IN  DISPLAY  (cd/m^) 

L,  ' LUMINANCE  OF  SOURCE  (cd/m^) 

T,  = TRANSMITTANCE  OF  IMAGERY  (film) 

T.  - TRANSMITTANCE  OF  DISPLAY 
d 

Tj  = TRANSMITTANCE  OF  EYE 

A = AREA  OF  LIMITING  PUPIL,  EITHER  THE  EXIT  PUPIL  OF  THE 
DISPLAY  OR  THE  EYE  ENTRANCE  PUPIL  (mm2)  (corrected  for 
Stiles-Crawford  if  appropriate) 


Figure  3.2-17.  Elements  That  Determine  Image  Lumi- 
nance. The  elements  that  determine  image  luminance 
and  retinal  illuminance  in  a virtual  imege  type  display 
are  illustrated  here.  As  is  explained  further  in  the  next 
two  figures,  if  the  eye  pupil  limits  the  amount  of  light 
entering  the  eye,  it  is  appropriate  to  calculate  display 
image  luminance,  Lj,  directly.  If,  on  the  other  hand,  the 
display  pupil  is  the  smaller,  it  is  necessary  to  determine 
retinal  illuminance,  E,  and  then  use  the  charts  at  the  end 
of  Section  3.2.2  to  convert  this  value  to  an  equivalent 
luminance  as  seen  with  the  natural  pupil. 


The  transmittance  of  the  eye,  Tg  does  not  appear  in  these 
equations  because  it  is  already  included  in  the  definition 
of  trolaiid  (Td)  as  the  unit  of  retinal  illuminance. 


The  illumination  source  as  treated  here  includes  both  the 
lamp  and  whatever  diffusers  and  condensers  are  used  to 
distribute  the  light  aaoss  the  object  plane.  The  source 
luminance,  Ls,  is  therefore  the  luminance  of  the  imagery 
support  surface,  rather  than  the  luminance  of  the  lamp 
filament  as  is  used  in  some  treatments  of  display  illumina- 
tion. A full  description  of  the  illumination  source  also 
includes  collimation  and  coherence  (Section  3.2.1 1 ) and 
spectral  distribution  (Section  3.2.7). 

Similar  factors  operate  for  a projection  screen  display. 
However,  such  displays  are  almost  always  designed  as  a 
complete  unit,  making  it  adequate  for  most  purposes  to 
simply  specify  the  screen  luminance  when  no  imagery  is 
present  in  the  film  gate  (Ref.  24).  Specification  in  terms 
of  location  on  the  screen  is  important,  particularly  for 
high-gain  screens. 
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3.2.3  IMAGE  LUMINANCE  IN  DISPLAYS  (CONTINUED) 
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Figure  3.2-1  8l  Numerical  Aperture.  The  angular  size  of 
the  bundle  of  light  rays  that  is  accepted  by  the  display 
objective  lens  Is  generally  expressed  as  the  numerical  aper- 
ture (NA),  defined  as  illustrated  here.  Numerical  aperture, 


Figure  3.2-19.  Equations  for  Determining  Display  Image 
Luminance.  The  equations  shown  here  can  be  used  to 
calculate  the  on-axis  luminance  of  the  image  in  an  aerial 
image  display  with  a large  (Case  II)  or  small  (Case  III) 
exit  pupil.  (Similar  viewing  situations  appear  in  Figure 
3.2-21.) 

Case  I is  included  for  comparison  and  applies  to  unaided 
viewing,  as  occurs  when  film  on  a light  table  is  viewed 
directly,  without  optical  aids.  It  also  applies  to  viewing  a 
screen  image,  in  which  case  the  luminance  of  the  screen 
image  is  Lg. 

The  transmittance  of  the  eye,  Tg,  must  be  added  to  all 
equations  defining  retinal  Illuminance,  E,  unless  E is  given 
in  some  unit  that  includes  Tg  sjch  as  trolands  (Td). 

If  the  display  has  an  exit  pupil  larger  th.in  the  eye,  as  in 
Case  II,  then  the  eye  pupil  Is  limiting  and,  as  a first 
approximation,  the  object  luminance,  Lq,  is  reduced  only 
by  the  transmittance  of  the  display,  Tj.  If  T,j  is  consider- 
ably less  than  unity,  there  may  also  be  an  increase  in  eye 
pupil  diameter  relative  to  the  diameter  when  viewing  the 
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exit  pupil  size,  and  display  mi.gnification  are  related  by  1 

the  equations  shown  (Ref.  23).  These  relationships  have  / j 

considerable  impact  in  the  figures  that  follow.  " j 
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object  (imagery)  unaided.  The  result  is  an  increase  in  the 
amount  of  light  reaching  the  retina  equal  to  the  ratio  of 
the  two  pupil  areas, 

In  Case  III,  the  display  exit  pupil  is  the  limiting  aperture, 
eliminating  the  effect  of  variations  in  eye  pupil  size  on  the 
amount  of  light  reaching  the  retina.  As  a result,  it  is  neces- 
sary to  first  determine  the  amount  of  light  reaching  the 
retina  in  terms  of  retinal  illuminance,  and  to  then  use  this 
quantity  to  detern.ine  the  luminance  that  would  produce 
this  same  retinal  illuminance  when  the  eye  pupil  is  the 
limiting  aperture.  This  latter  conversion  can  be  made  most 
easily  with  charts  such  as  Figures  3.2-14,  -15,  or  -16. 

In  Case  III,  the  amount  of  light  reaching  the  retina  is 
reduced  both  by  the  transmittance  of  the  display,  Tj,  and 
by  decrease  in  pupil  size  from  Pg^  to  Pj.  The  display 
pupil  diameter,  p^j,  can  be  replaced  by  the  expression  500 
NA/M,  wheie  NA  is  numerical  aperture  and  M is  magniti- 
cation  (Figure  3.3  2.)  As  a result,  whenever  display  mag- 
nification is  increased  with  no  increase  in  numerical  aper- 
ture, the  image  luminance  decreases  by  the  square  of  the  j 

magnification. 
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3.2.3  IMAGE  LUMINANCE  IN  DISPLAYS  (CONTINUED) 
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CASE  II  AIDED  VIEWING.  EYE  PUPIL  LIMITING 
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RETINAL  ILLUMINANCE  UNAIDED  ITdl 

RETINAL  ILLUMINANCE  WITH  DISPLAY(Td) 

EYE  TRANSMITTANCE 

DISPLAY  TRANSMITTANCE 

OBJECT  (imagery)  LUMINANCE  (cd/m^) 

EFFECTIVE  DISPLAY  IMAGE  LUMINANCE  (cd/m^) 

EYE  PUPIL  DIAMETER,  UNAIDED  (mm) 

EYE  PUPI).  DIAMETER  USING  DISPLAY  (mm) 

DISPLAY  EXIT  PUPIL  DIAMETER  (mm) 

CORRECTION  FOR  STILES-CRAWFORD  EFFECT 
REQUIRED  WITH  LARGE  PUPILS  (Figure  3.2-10) 

NUMERICAL  APERTURE 

DISPLAY  MAGNIFICATION 


Figure  3.2-19.  Equations  fot  Determining  Display  Image  Luminance  (text  on  preceding  page) 
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3.2.4  PHOTOMETRY  OF  IMAGERY  OISPLAYS 

ilii\  scciion.  A more  thorou^i  malhemulical  treatment 
of  the  priticiples  involved  van  be  found  in  several  sources 
I Ret.  2.U. 


A number  of  \|vcial  problems  occur  m the  proper 
measurement  ol  luminance  m iiuaeery  doplass.  Tech- 
niques lor  dealni)’  with  a few  of  these  ate  described  in 


Figure  3.2-20.  Artificial  Eye  Photometer.  One  of  many 
sensor  configurations  suitable  for  measuring  display  image 
luminance  is  illustrated  here  (Ref.  25).  It  is  convenient, 
though  certainly  not  essential,  that  it  approximately 
matches  two  dimensions  of  the  eye,  the  eye  entrance 
pupil  diameter  and  the  eye  focal  length.  As  illustrated 
here,  it  is  focused  for  250  mm  (10  in),  which  means  that 
for  the  application  illustrated  in  Figure  3.2-22,  it  would 
be  placed  250  mm  from  the  illumination  source.  When 
used  to  measure  image  luminance  in  a microscope-type 
display,  if  the  uniformly  luminous  area  being  measured 
extends  well  beyond  the  field  of  the  sensor,  exact  match- 
ing of  sensor  focus  distance  to  image  distance  is  generally 
not  critical  (Ref.  26).  For  some  applications  it  may  be 
safest  to  determine  the  importance  of  sensor  focus 
empirically.  Exact  positioning  of  the  microscope  exit 
pupil  within  the  sensor  entrance  pupil  is  essential. 

If  this  type  of  sensor  is  cafibrated  against  a standard  lumi- 
nance source,  then  to  determine  display  image  luminance 


when  the  exit  pupil  is  smaller  than  the  sensor  pupil,  it  is 
necessary  to  correct  for  the  relative  areas  of  the  two  pupils 
(Figure  3.2-21). 

In  theory,  one  could  avoid  building  such  a sensor  and 
simply  make  a pupil  area  correaion  to  measurements 
obtained  with  the  common  telescopic  luminance  sensor 
supplied  with  most  photometers.  Such  devices  usually 
have  an  entrance  pupil  in  excess  of  10  mm.  Unless  this  is 
reduced  by  the  addition  of  an  aperture,  the  large  differ- 
ence in  pupil  areas  will  make  the  final  image  luminance 
value  very  sensitive  to  measurement  errors.  Also,  the  large 
variation  in  sensitivity  across  the  entrance  aperture  typi- 
cally found  in  this  kind  of  sensor  wilt  necessitate  a correc- 
tion factor  akin  to  that  used  to  correct  for  the  Stiles- 
Crawford  effect  in  the  eye.  That  is,  as  with  the  eye,  light 
entering  through  different  parts  of  the  entrance  pupil  of 
this  type  of  sensor  contributes  differentially  to  the  meter 
reading  obtained. 


) 
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3.2.4  PHOTOMETRY  OF  IMAGERY  DiSPLAYS  (CONTINUED) 


PROJECTION 

SCREEN 


• CASE  II  - AIDED  VIEWING;  PHOTOSENSOR  AND  EYE  PUPILS  LIMITING; 


• CASE  III  - AIDED  VIEWING;  DISPLAY  PUPIL  LIMITING 


IMAGE  LUMINANCE 
- USE  FIGURES  3.2-14.  -16.  -16 
TO  FINO  EQUIVALENT 
LUMINANCE 


SCREEN  LUMINANCE 

- 70(3.431 

- 240cd/m2(70tL) 


IMAGE  LUMINANCE 
- 70  (3.431 
• 240cd/m2(701LI 


RETINAL  ILLUMINANCE 

- 70  (24.25) 

- 1698  Td 


SCENE  LUMINANCE  TO 
OBTAIN  THIS  RETINAL 
ILLUMINANCE  WITH  A 
NATURAL  PUPIL  IS  IN 
FIGURES  3.2-14, 15,  & 16 


Figure  3.2-21.  Display  Image  Luminance  Measurement 
lYoper  use  of  a photoserssor  such  as  the  one  in  Figure 
3.2-20  is  best  explained  in  terms  of  specific  examples  such 
as  those  illustrated  here.  .Assume  that  the  photometer  is 
calibrated  to  obtain  a meter  reading  of  100  with  a typical 
standard  luminance  source  of  343  cd/m2  (100  fL).  A 
meter  reading  of  1 then  corresponds  to  a luminance  of 
3.43  cd/m2  (1  fL)  and  a retinal  illuminance  of  24.25  Td. 


When  the  display  exit  pupil  is  smaller  than  the  pupil  uf 
both  the  sensor  and  the  user's  eye  (Case  III),  the  meter 
reading  must  be  converted  to  retinal  illuminance  in 
trolands  (Td).  To  determine  the  image  luminance,  which 
is  defined  as  the  luminance  of  a surface  viewed  with  a 
natural  pupil  that  would  yield  the  same  retinal  illuminance, 
conversion  charts  such  as  those  in  Figures  3.2-1 4, 1 5,  and 
16  must  be  used. 


Luminance  measurements  for  a source  such  as  a projection 
screen  (Case  I)  can  then  be  made  as  with  any  photometric 
telescope.  For  a virtual  image  display  such  as  a microscope 
that  has  an  exit  pupil  larger  than  3 mm  and  larger  than  the 
natural  eye  pupil  at  the  display  image  luminance  in  use 
(Ccse  II),  the  image  luminance  is  again  simply  read  directly 
from  the  meter. 


Noticeably  absent  here  is  a discussion  of  the  case  where 
one  of  the  two  pupils,  either  the  eye  or  the  photosensor, 
is  larger  than  the  display  pupil  while  the  otlier  is  smaller. 
Although  the  treatment  of  the  data  in  this  case  follows 
the  same  princioles  as  above,  it  is  perhaps  simpler  to 
change  tfie  sizj  of  the  photosensor  pupil  and  recalibrate. 
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3.2.4  PHOTOMETRY  OF  IMAGERY  DISPLAYS  (CONTINUED) 


PARTIALLY  COLLIMATED  ILLUMINATION 
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LUMINANCE 

DISTRIBUTION 


UNCOLLIMATED  ILLUMINATION 
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NOTE:  NUMBERS  ON  METERS  ILLUSTRATE  DIRECTION  OF  CHANGE  IN  READING.  NOT  THE  AMOUNT. 


Figure  3.2-22.  Potential  Errors  in  the  Photometry  of  a 
Luminous  Surface.  Knowledge  of  source  luminance  is 
necessary  to  determine  display  transmission  and  to  be  able 
to  predict  the  image  luminance  that  will  result  when  a 
particular  display  is  used  with  the  source.  These  are  pri- 
marily problems  with  miaoscope-type  displays,  where 
the  illumination  source  is  often  interchangeable,  rather 
than  with  projection  displays  that  usually  are  built  with 
the  illumination  source  integral  to  the  display. 

One  of  the  least  recognized  sources  of  error  in  measuring 
source  luminance  is  failure  to  match  the  numerical  aper- 
ture of  the  photosensor,  defined  as  in  Figure  3.2-18,  to 
the  numerical  aperture  of  the  display  that  will  be  used 
with  the  source.  As  a result,  the  angular  size  of  the  bundle 
of  rays  that  contributes  to  the  measurement  is  not  the 
same  as  that  which  contributes  to  the  luminance  of  the 
image. 


As  this  figure  illustrates,  several  factors  determine  whether 
a significant  error  will  occur,  particularly  the  collimation 
of  the  illumination  source  (see  Section  3.2.11). 

All  the  factors  that  should  be  controlled  in  any  particular 
measurement  situation  cannot  be  covered  here.  However, 
so  long  as  the  collimation  of  the  source,  specified  in  terms 
of  numerical  aperture,  is  not  significantly  less  than  the 
numerical  aperture  of  the  display,  then  it  is  generally  suf- 
ficient to  simply  use  a photosensor  with  a numerical  aper- 
ture smaller  than  that  of  the  display. 

It  should  be  noted  that  the  effective  numerical  aperture  of 
a photosensor  in  this  application  varies  with  its  distance 
from  the  source.  This  is  controlled  by  specifying  that  it 
must  be  in  focus  for  the  source  distance. 
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SECTION  3.2  ILLUMINATION 


3.2.5  IMAGERY  TRANSMISSION 

RECOMMENDATIONS: 

In  the  absence  of  more  adequate  data,  base  display  image  itiminance  calculations  for  achromatic  imagery 
on  a density  value  of  1.6. 


As  Figure  3.2-17  illustrates,  the  luminance  of  the 
displayed  image  is  reduced  by  the  absorption  of  light  in 
the  film  being  viewed.  The  proportion  of  the  incident 
light  that  passes  through  the  film  is  known  as  trans- 
mittance, T,  and  is  usually  expressed  as  tog  l/T,  or 
density.  The  relationship  between  the  two  units  is 
illustrated  in  the  next  figure.  Film  densities  are  routinely 
measured,  and  limiting  values  for  most  kinds  of  fdm  are 
published.  However,  these  values  provide  little  g"idance 
for  the  display  designer. 

Imagery  density  values  used  to  calculate  display  image 
luminance  should  meet  several  criteria: 

* They  should  describe  target  areas  as  they  appear  on 
imagery  processed  exactly  as  it  will  go  to  the 
interpreter. 

* They  should  be  measured  over  a meaningful  area  on 
the  imagery. 

* They  should  include  a reasonable  proportion  of  such 
areas  on  the  imagery'. 

It  is  not  appropriate  to  simply  measure  the  average 
density  over  an  entire  frame  because  at  any  one  moment 
the  display  user  will  be  looking  at  a small  area  that  may 
have  a density  much  different  than  the  average.  It  is  also 
possible  to  sample  too  small  an  area  so  that  one  is 
essentially  measuring  the  density  of  individual  objects. 


Other  things  being  equal,  sampling  over  a smaller  area 
will  yield  a wider  range  of  density  values.  Therefore,  if  in 
order  to  provide  enough  light  for  worst  case  situations,  a 
value  at  the  upper  extreme  of  the  measured  densities  is 
used,  a smaller  aperture  will  yield  a higher  density  and  a 
demand  to  provide  more  light. 

One  approach  is  to  use  the  average  density  over  the 
image  area  that  yields  best  vision.  Referring  to  Section 
3.S,  this  is  estimated  rather  arbitrarily  as  2 degrees. 
For  a display  magnification  range  of  10  to  100  X,  the 
corresponding  distance  on  the  imagery,  and  hence  the 
most  appropriate  densitometer  sampling  aperture  is 
about  0.1  to  I.O  mm  (Figure  3.5-3). 

The  best  available  imagery  density  data  for  black  and 
white  imagery  is  illustrated  in  Figure  3.2-24. 

The  problem  of  density  is  considerably  more  complex 
with  color  than  with  black  and  white  imagery.  At  least 
seven  different  types  of  densities  for  color  transparencies 
are  in  use  (Ref.  27),  To  be  useful  for  specifying 
illumination  requirements,  the  type  of  measurement 
used  must  reflect  the  spectral  sensitivity  of  the  eye,  as 
opposed,  for  example,  to  the  spectral  sensitivity  of 
duplicating  film.  A special  weighting  factor  to  take 
account  of  the  spectral  transmission  of  the  illumination 
source  may  also  be  desirable.  Although  data  on  maxi- 
mum density  range  is  available  for  most  color  films,  no 
data  of  the  type  shown  in  Figures  3.2-23  and  -24  are 
known. 


SECTION  3.2  ILLUMINATION 


3.2.5  IMAGERY  TRANSMISSION  (CONTINUED) 


Figure  3.2-23.  Transmission  and  Density.  The  expression 
for  display  image  luminance  in  Figure  3.2-19  includes  a 
term  for  the  transmiss'on  of  the  imagery.  Imagery  is 
usually  described  in  terms  of  density,  which  is  related  to 
transmission  in  the  manner  illustrated  here. 


Figure  3.2-24.  Imagery  Density  Distribution.  The  only 
known  imagery  density  data  collected  with  an  aperture 
size  useful  for  estimating  display  image  luminance  are 
illustrated  here  (Ref.  28,D). 

These  measurements  were  made  within  the  immediate  tar- 
get area  of  1 1 randomly  selected  operationally  realistic 
targets  imaged  on  high-quality  3414  aerial  film.  Normal 
exposure  and  processing  were  used. 

For  the  0.5-mm  aperture,  each  target  area  was  scanned 
manually  and  the  maximum  density  obtainable  was 
recorded.  These  values  for  the  1 1 targets  are  plotted  in  the 
upper  graph  as  a histogram.  For  the  0.01 -mm  aperture, 
each  target  area  was  scanned  automatically  on  a micro- 
densitometer and  the  density  at  each  of  several  thousand 
points  was  recorded.  The  points  for  a single  target  were 
plotted  as  a histogram  and  the  point  where  a smooth 
vvisually  fit  curve  would  reach  zero  frequency  was  taken  as 
the  maximum  density  for  that  target.  This  procedure 
usually  eliminated  several  extremely  high-density  values. 
Finally,  these  values  were  converted  to  macrodensities  to 
correct  for  optical  effects  at  the  small  aperture.  ‘ 

The  upper  graph  shows  the  number  of  targets  that  had  . 
each  maximum  density  when  measured  with  the  0.5-mm 
aperture.  These  data  and  the  equivalent  data  for  the 
0.01 -mm  aperture  are  plotted  below  in  terms  of  cumula- 
tive proportiens.  As  expected,  the  0.01 -mm  aperture  den- 
sities are  much  higher. 

To  the  extent  that  the  0.5-mm  aperture  data  are  realistic, 
a value  of  1.8  to  2.0  in  the  image  luminance  equations  in 
Figure  3.2-19  will  ensure  adequate  image  luminance.  Since 
the  values  plotted  here  represent  maximum  density  for 
each  target  area,  even  designing  for  a density  of  1 .6  should 
ensure  an  adequate  image  luminance. 
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SECTION  3.2  ILLUMINATION 


3.2.6  LUMINANCE  AND  VISUAL  PERFORMANCE 
RECOMMENDATIONS: 

Provide  the  capability  of  increasing  display  image  luminance  (see  Section  3.2.3)  to  the  following  levels: 

• For  casual  examination  to  locate  general  features,  35  cd/m^  (10  fL,  400  Td). 

• For  performing  normal  interpretation  functions,  at  least  85  cd/m^  (25  fL,  800  Td)  and  preferably 
340  cd/m2  (100  fL,  2,300  Td). 

• In  displays  for  extensive,  detailed  examination  of  imagery,  1,750  cd/m^  (500  fL,  3,500  Td). 

If  the  display  is  intended  for  achromatic  film,  assume  a film  density  of  1.6  (Section  3.2.5). 

Before  incorporating  the  higher  values  specified  above  in  hardware,  conduct  tests  to  ensure  that  such  levels 
are  actually  usable  in  imagery  display  configurations.  (See  Section  S.2.6.2.) 

Provide  a luminance  adjustment  with  a range  of  at  least  ICO  to  1,  with  control  setting  equal  approximately 
to  the  log  of  the  luminance. 

If  a less  than  optimum  luminance  level  must  be  provided,  consider  the  need  to  increase  luminance  50  to 
100  percent  for  older  users.  (See  Section  3.2.6.3.) 

It  is  well  established  that,  at  least  fur  a certain  range, 
visual  performance  improves  with  an  increase  in  image 
luminance.  Section  3.2.6. 1 summarizes  data  collected  in 
laboratory  situations  on  this  relationship  between  vision 
and  luminance  level,  and  Section  3. 2. 6. 2 treats  the  much 
less  adequately  studied  situation  of  vision  in  ordinary 
im'’gery  displays.  The  special  problem  of  luminance 
requirements  for  older  display  users  is  covered  in  Section 
3.2.6.3. 

Because  of  the  wide  ranges  involved,  it  is  convenient  to 
plot  both  visual  performance  and  image  luminance  on 
logarithmic  scales.  The  relatively  small  displacement  on 
such  a scale  caused  by  a large  increase  in  luminance 
tends  to  obscure  the  difficulty  in  achieving  such  an 
increase. 

A method  must  be  provided  by  which  ^he  display  user 
can  adjust  the  luminance  level  to  compensate  fijr 
variations  in  imagery  transmission,  the  luminance  in 
other  portions  of  the  work  environment,  and  his 
personal  preferences.  In  the  absence  of  adequate  quanti- 
tative data  on  any  of  these  three  variables,  an  adjustment 
range  of  100  to  1 is  suggested. . 

When  even  very  small  improvements  in  visual  perform- 
ance are  important,  as ' they  often  arc  in  image 
interpretation,  it  is  desirable  to  know  the  slope  of  the 
function  relating  visual  performance  to  luminance  as 


performance  appioaches  its  maximum.  Unless  one  has  an 
extremely  large  data  sample,  such  as  the  hundreds  of 
observations  for  each  point  plotted  in  Figure  3.2-30, 
random  variation  in  performance  makes  it  difficult  to 
establish  the  slope  of  the  curve  in  this  region.  Curves 
drawn  using  best-fit  statistical  pr-xedures  are  a poten- 
tially misleading  solution  available  to  anyone  with  access 
to  a computer.  They  obscure  the  very  important  fact 
that  the  slope  of  the  resulting  curve  is  heavily  dependent 
on  whether  the  mathematical  function  selected  is  loga- 
rithmic, hyperbolic,  a polynomial,  a power  function,  or 
some  other  choice.  Admittedly  there  are  also  statistical 
techniques  available  for  choosing  among  these  possibili- 
ties, but  if  there  is  sufficient  data  available  to  make  their 
use  meaningful,  the  average  performance  probably  fol- 
lows, a smooth  path  anyhow.  Wherever  possible  in  this 
document,  the  original  average  performance  scores 
reported  by  the  experimenter  are  shown,  connected  with 
straight  lines. 

It  is  possible  that  if  a very  high  image  luminance  is 
provided,  along  with  an  allowance  for  very  high-density 
imagery,  thjre  may  be  conditions  under  which  sufficient 
light  could  teach  the  user’s  eye  to  cause  damage.  Tlus 
topi^is  treated  in  Section  6.7. 

Once  a certain  luminance  has  been  achieved,  the  spatial 
distribution  may  become  more  important  than  the  level 
of  the  luminance.  See  Sections  3.2.1 1, 3,2.12  and  7.3.3. 


SECTION  3.2  ILLUMINATION 


3.2.6.1  LABORATORV  DATA 

Hie  laboratory  test  data  relating  visual  performance  to 
luminance  level  that  are  summarized  in  this  section 
support  several  conclusions: 

• Over  a limited  range  of  both  variables,  visual  perform- 
ance improves  with  an  increase  in  image  luminance. 

• Each  successive  increase  in  visual  performance 
requires  a successively  larger  increase  in  luminance. 
As  a result,  providing  enough  light  to  achieve  absolute 
maximum  visual  pierformancc  may  not  be  economi- 
cally feasible. 


• Hie  luminance  level  at  which  visual  performance 
effectively  reaches  a maximum  varies  with  the  task. 
More  difficult  tasks  benefit  mote  from  higher  lumi- 
nance. Difficulty  generally  increases  with  a reduction 
in  target  size,  target  contrast  or  time  available  to 
pel  form  the  task. 

Because  of  their  importance,  three  figures  from  Section 

3.1.6  are  reproduced  here  as  Figures  3.2-31,-32  and  -33. 

A fourth  figure  in  that  section,  3.1-22,  is  also  relevant. 


L 


DATA  APPEAR  IN  FIGURE  NUMBER: 
I 3.2-27 


J 3.2-28 


J 3.2-29 


I I I I I I I I ! 3.2-30 


L 


J 3,2-31 
J 3.2-32 


1 


J 3.2-33 


J 3.2-34 


I I 1 1 1 ll  1 1 

1 

i 1 1 1 1 1 1 1 1 1 1 

i !, 

f- 

1 

. ' , 

1 1 

1 

1 1 1 1 1 1 

I 1 1 1 1 1 ll  1 1 

10 

1o2 

1 |l03 

1 

}io4 

10^ 

EFFECTIVE  RETINAL  ILLUMINANCE  WHEN  SCENE  IS  VIEWED  WITH  NATURAL  PUPIL  (Tdl 

: i I ; 

I 1 — L-Jut  u.uJ 1 — I ,1  1 mil 1 — L J..uml J i -LIU 111 _i ■ i 1 1 ml 


10 


•1 


10 


L-i  .unit 


1 1 I mil 


1 1o2  I 10^  * 

SCENE  LUMINANCE  (cd/m^l  • 

III  I 

1 . 1 1 mil  , 1 ■ 1 1 I ml 


J » » i'hI 


lO” 


■ I— L 


. l.->  1.1  f.tl 
106 


JUJ 


Jl I 


10 


,-i 


1 


IMAGE  LUMINANCE  RECOMMENDATIONS: 


10  I 102  I 103  10^ 

SCENE  LUMINANCE  (fL)  | 

‘ ! I ! 

I I 

L'  I 1-DETAILED  EXAMINATION 

I—preferred  normal 

MINIMUM  NORMAL 
3ASUAL  EXAMINATION 


L. 


' Figure  3.2-25.  Laboratory  Studies  on  the  Effect  of  Image 
Luminance.  To  simplify  making  comparisons,  the  lumi- 
nance levels  used  in  the  studies  summarized  in  this  section 
are  illustrated  here.  Where  a large  number  of  different 


levels  were  used,  only  the  range  is  shown.  The  four  lumi- 
nance levels  cited  in  the  recommendations  above  are  indi' 
cated  by  broken  lines. 
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SECTION  3.2  ILLUMINATION 

3.2.6.1  LABORATORY  DATA  (CONTINUED) 
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Figure  3.2-26.  Luminance  and  Vitual  Performance. 

Curves  fit  to  the  results  'rom  several  studies  on  the  rela- 
tionship between  visual  performance  and  illumination 
level  published  prior  to  1944  are  illustrated  here  (Ref. 
29,X).  The  upper  curve  shows  the  minimum  size  high- 
contrast  target  that  can  be  resolved.  The  lower  curve 
shows  the  minimum  contrast  at  which  a relatively  large 
target  can  be  detected. 

These  curves  are  included  here  primal <ly  to  illustrate  the 
fact  that  as  the  maximum  visual  performance  level  is 
approached,  larger  and  larger  increases  in  luminance  are 
required  to  obtain  additional  improvement  in  performance. 
Because  of  the  wide  variability  in  the  original  data  on 
which  these  curves  were  based,  they  are  useful  only  as  an 
indication  of  the  general  relationship  between  luminance 
and  visual  performance. 


BACKGROUND  RETINAL  ILLUMINANCE  (Tdl 


Figure  3.2-27.  Effect  of  Luniinance  on  Ability  To 
Resolve  a Landolt  Ring.  In  this  study,  ability  to  report 
the  orientation  of  the  break  in  a dark  iMudolt  ring  con- 
tinued to  improve  as  retinal  illuminance  increased  up  to 
approximately  10,000  Td  (Ref.  30,C).  This  corresponds 
to  a scene  luminance  of  about  2,(X)0  cd/m^  (600  fL) 
viewed  with  a natural  pupil.  The  display  field  in  this  study 
subf.nded  30  degrees,  and  the  2-mm  pupil  was  projected 
into  the  subject's  eye. 
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SECTION  3.2  ILLUMINATION 


3.2.6.1  LABOR/*  TORY  DATA  (CONTINUED) 


j BACKGROUND  RETINAL  ILLUMINANCE  (Tdl 
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Figure  3.2-28.  Effect  of  Luminance  on  Vernier 
Acuity.  In  this  study  two  subjects  aligned  two  narrow 
bars  in  a vernier  acuity  task  (Ref.  31, B).  The  two  bars 
combined  were  4.5  degrees  long  and  were  seen  against  a 
12-degree  field.  The  artificial  pupil  was  projected  into  the 
subject's  eye.  Performance  showed  little  Improvement  as 
retinal  illuminance  increased  beyond  about  20  Td.  This 
corresponds  to  a scene  luminance  of  1.3  cd/m^  (0.4  fLI 
viewed  with  a natural  pupil. 
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Figure  3.2-29.  Effect  of  Luminance  on  Stereo  Acuity. 
This  curve  shows  performance  of  two  subjects  on  a three- 
rod  itereo  acuity  test  (Ref.  32,0.  Viewing  was  with 
natural  pupils.  Performance  showed  little  improvement  as 
luminance  increased  beyond  approximately  7 cd/m^ 


(2  fL). 
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SECTION  3.2  ILLUMINATION 


Figure  3.2-30.  Effect  of  Luminance  on  Threthold  It  i$  not  possible  at  present  to  estimate  whether  this 

Contrast.  The  most  extensive  data  relating  visual  perform-  improve rient  might  have  a significant  impact  on  the  work 

ance  to  luminance  are  those  collected  by  Blackwell  and  output  of  the  display  user, 

his  fellow  workers  (Ref.  33, Bl.  In  most  of  these  studies, 
the  highly  experienced  test  subjects  attempt  to  detect  a 

light  circular  target  that  can  appear  during  one  of  several  Because  of  the  :«;gc  number  of  suujects  and  test  trials, 

time  intervals.  Viewing  is  binocular  without  optical  aids.  and  the  fairly  reasonable  test  conditions,  the  curve  shown 

The  background  and  equiluminous  surround  exceeds  120  here  is  one  of  the  best  available  estimates  of  the  relation- 

degrees,  thereby  nearly  filling  the  subject's  visual  field.  ship  between  background  luminance  and  threshold  con- 

jast.  However,  it  is  well  to  keep  in  mind  that  t:  ntrast 

This  curve  shows  threshold  contrast,  defined  as  detection  thresholds  will  vary  by  a factor  of  at  least  2.5  across  indi- 
success 50  percent  better  than  chance,  for  10  subjects.  viduals  (Figure  3.1-17),  and  as  a function  of  many  other 

The  target  disc  subtended  4 arc  minutes  and  appeared  for  variables,  some  of  which  are  s,ummarized  in  Section 

1/5  second  during  one  of  four  intervals.  Changing  the  3.1.10.  Referring  to  the  curve  shown  here,  a contrast 

success  criterion,  for  example  to  90  percent  detection,  threshold  change  of  2.5  corresponds  to  a luminance 

ra'ses  the  threshold  curve  but  does  not  change  its  shape.  change  of  several  orders  of  magnitude. 

(See  Figure  3.1-17.) 

Throughout  this  document,  the  average  value  for  a set  of 

There  was  an  improvement  in  vision  for  each  increase  in  test  measurements  is  shown  as  a dark  disc  on  a grat  h.  This 

luminance,  evan  when  the  background  luminance  went  is  probably  what  the  discs  in  this  figure  represent,  but  the 

from  3.400  to  10.000  cd/m2  (1,000  to  3,000  f L).  How-  available  (iteraturr  leaves  open  the  possibility  that  these 

ever,  this  last  threefold  increase  in  luminance  reduced  the  are  really  just  discrete  points  measured  on  curves  fit  to  the 

contrast  threshold  only  5 percent,  from  0.038  to  0.036.  original,  unreported,  test  data,  i 
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SECTION  3.2  ILLUMINATION 


3.2.6.1  LABORATORY  DATA  (CONTINUED) 


f'tgurt  3.2-31.  Effect  of  Luminance  on  Contratt 
Sentitivity.  The  lest  conditions  lor  this  study  (Ref.  25,B) 
were  as  follows; 

• Square-wave  grating 

• 2-  by  2-degree  field  at  7m  (23  ft)  or  12-  by  12-degree 
field  at  Im  (3  ft) 

• Incandescent  iliumination 

• 18-  by  18-degree  $urro*jrid,  ..oly  equiluminou. 

• Binccular  vie-wing 

• Criterion-vjbjeCi  reduced  contrast  to  minimum  where 
he  still  cou  d see  the  lines 

• 1 subject 

Only  three  luminance  levels  were  tested;  the  maximum, 
110cd/m2  (32  fL),  yielded  better  performance  than  did 
9.2  cd/m2  (2.7  fL). 

(Titis  illustration  also  appears  as  Figure  3.1-25.) 


Figure  3.2-32.  Effect  of  Luminance  on  Contratt  Sensi- 
tivity. The  lest  conditions  for  this  study  (Ref.  35, C) 
were: 

• Si.MSoiJal  grating 

• 2-degree-diameter  field 

• Green  CRT  display,  P31  phosphor 

• 30-degree  equiluminous  surround 

• Mo.nocular  vir  wing,  2-mm  pupil 

• Criterion-contrast  increased  until  subject  said  he 
could  see  grating 

• Data  reported  for  1 subject 

Vision  improved  up  to  the  maximum  level  of  1,000  Td. 
This  corresponds  to  a scene  luminance  of  110  cd,m2  (32 
fL)  viewed  with  a natural  pupil. 

(This  illustration  also  appears  as  Figure  3.1-23.) 
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SECTION  3.2  ILLUMINATION 


3.2.6.1  LABORATORY  DATA  (CONTINUED! 


(a) 


(c) 
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Figur*  3.2-33.  Effect  of  Luminance  on  Contran  Sent!- 
tivity.  Thu  test  conditions  for  this  study  (Ref.  36,0 
were: 

• Sinusoidal  grating 

• 4,S-degree-wide  by  8.2-degree-high  field 

• Mo.'.ochromatic  green  illumination,  525  nm 

• Dark  surround 

• Monocular  viewing;  2-mm  pupil,  projected  into  eye 

• Criterion— subject  varied  contrast  to  bracket  level  at 
which  grating  was  just  perceptible 

• 1 subject 


According  to  the  author,  performance  was  the  same  for 
the  two  highest  luminances,  900  and  5,900  Td,  and  these 
are  shown  as  a single  curve  in  (c).  These  correspond  to 
scene  luminance  of  100  and  1,200  cd/m^  (30  and  350  fL) 
viewed  with  a natural  pupil. 

Parts  (a)  and  (b)  show  the  same  data  as  (c),  replotted  to 
illustrate  the  impact  of  luminance  at  specific  target  fre- 
quencies and  modulations. 

(The  right-hand  illustration  also  appears  as  Figure  3.1-24.) 
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SECTION  3.2  ILLUMINATION 


3.2.6.1  LABORATORY  DATA  (CONTINUED) 


(•) 
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Figure  3.2-34.  Interaction  of  Luminance  and  Vitual  Tatk 
Difficulty.  These  curves  describe  the  ability  of  two  sub- 
jects to  detect  light  circular  targets  (Ref.  37, B).  The  test 
conditions  are  described  in  Figure  3.2-30. 

These  curves,  which  are  plotted  as  C|,  not  C^,  suggest 
that  increasing  luminance  will  yield  greater  benefits  in 
difficult  viewing  situations  than  in  easy  ones.  Referring  to 
(a),  which  is  based  on  a target  exposure  time  of  1/3 
second,  an  increase  in  luminance  had  a much  greater 
impact  on  small  targets  than  on  large  ones.  In  (b),  which  is 
based  on  a single  target  size  of  4 arc  minutes,  the  last 
order  of  magnitude  increase  in  luminance  had  a much 
greater  effect  on  threshold  contrast  with  short  target 
exposures  than  with  long  exposures. 
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SECTION  3.2  ILLUMINATION 


3.2.6.1  LABORATORY  DATA  (CONTINUED) 
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Figure  3.2-3S.  Effect  of  Luminance  on  Search  Perform- 
ance. The  benefit  of  higher  luminance  values  in  the  study 
illustrated  here  varied  with  the  test  conditions  (Ref. 

38,B).  In  this  study,  subjects  searched  for  a square  target 
in  an  array  of  15  dark  circles  of  equivalent  area.  The 
entire  array  was  seen  at  a single  contrast.  The  display  field 
was  20  by  20  degrees;  the  surrounding  area  was  not 
described.  Binocular  unaided  viewing  was  used.  Two  tar- 
get sizes,  10  and  30  arc  minutes  across,  were  used. 

The  stimulus  array  disappeared  when  the  subject  pressed 
a button  to  indicate  that  he  had  found  the  target  or  that 
he  was  satisfied  that  no  target  was  present.  This  allowed 
the  data  to  be  treated  in  terms  of  target  detection  success 
as  a function  of  time. 

Part  (a)  shows  the  percentage  of  targets  found  within  the 
first  3 seconds.  With  the  exception  of  size/contratt/ 
luminance  conditions  that  were  completely  impossible, 
the  tendency  was  for  the  more  difficult  viewing  condi- 
tions to  benefit  most  from  higher  luminance.  That  is, 
performance  on  the  large,  high-contrast  targets  reached 
maximum  with  a luminance  at  which  performance  on 
the  other  targets  was  still  improving. 

A similar  effect  can  be  seen  in  (b),  which  shows  target 
detection  success  at  six  different  intervals  after  the  array 
appeared.  In  this  situation,  which  was  limited  to  small 
high  contrast  targets,  the  highest  luminances  did  not  con- 
tribute to  the  number  of  targets  finally  found  but  did  help 
the  subjects  find  targets  faster. 

These  results  are  relevant  to  imagery  displays  whenever 
the  display  user’s  performance  is  limited  by  anv  of  the 
three  variables  included  in  the  study-target  si<.e,  target 
contrast,  and  time  available  to  complete  the  '.'  k. 
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3.2.S.2  IMAGERY  DISPLAY  DATA 

Tliis  section  summarizes  the  two  studies  available  on  the 
effects  of  image  luminance  collected  using  test  subjects, 
imagery,  and  displays  typical  of  an  imagery  interpreta- 
tion work  situation.  Because  of  the  way  these  data  were 
collected  and  reported,  it  is  difficult  to  establish  exactly 
how  they  impact  display  design.  Tliey  are  included  here 
because  they  contribute  to  the  discussion  in  the  intro- 
ductory part  of  Section  3.2.6,  not  because  they  lead 
diicctly  to  decisions  about  what  image  luminance  to 
provide. 

In  one  of  the  studies  summarized  in  this  section,  display 
users  indicated  the  minimum  luminance  they  required 
and  in  another  they  indicated  what  they  preferred. 
Notably  lacking  is  information  on  what  luminance,  if 
any,  they  would  consider  excessive.  In  the  absence  of  a 
redesign  of  the  work  environment  or  special  training  to 
show  the  display  user  the  value  of  high  image  luminance 
levels,  this  would  seem  to  set  an  upper  limit  on  the 
maximum  lununance  it  is  useful  to  provide,  regardless  of 
what  laboratory  data  may  imply  about  visual  perform- 
ance. It  is  important  to  collect  such  data  with  a 
reasonable  range  of  display  configurations  and  ambient 
illumination  conditions.  Such  data  should  be  less  vari- 
able than  data  on  preferred  luminance  because  it  is 
usually  easier  to  judge  when  an  image  is  poor  than  to 
judge  when  it  is  good. 

In  addition  to  the  work  summarized  here,  there  is  some 
indication,  primarily  based  on  comments  by  interpreters 
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using  microscopes  to  view  imagery,  that  there  is  an 
upper  limit  on  the  acceptable  image  luminance  for  this 
kind  of  display.  The  typical  comment  is  to  the  effect 
that  as  the  image  luminance  is  increased  beyond  a 
certain  point  the  image  contrast  is  noticeably  reduced 
and  the  image  becomes  more  difficult,  or  at  least  less 
pleasant,  to  see.  Physically,  there  is  no  way  the  image 
contrast  can  change  simply  from  an  increase  in  the 
source  luminance.  Therefore,  I!  this  phenomenon  is  real, 
it  must  be  due  in  some  way  to  a nonlinearity  in  the 
response  of  the  eye  to  the  luminance  distribution  in  this 
kind  of  display,  in  this  regard  the  work  described  in 
Section  3.2.1 1 on  the  impact  of  glare  is  probably  more 
relevant  than  the  work  in  Section  3.2.6. 1 describing 
visual  performance  when  the  luminance  of  a display  that 
fills  the  entire  visual  field  uniformly  is  changed. 

In  one  study,  several  individuals  experienced  at  viewing 
imagery  for  purposes  of  determining  its  physical  charac- 
teristics, such  as  density,  granularity  or  resolution, 
served  as  subjects  (Ref.  39,X).  They  estimated  the 
luminance  required  to  detect  or  to  recognize  simple 
geometric  shapes  on  color  test  imagery.  Estimates  were 
made  by  increasing  the  luminance  from  zero  until  it  was 
deemed  acceptable.  The  minimum  image  luminance 
judged  satisfactory  by  95  percent  of  the  test  subjects 
ranged  from  0.07  to  7.0  cd/m^  (0.02  to  2.0  fL), 
depending  on  the  particular  visual  task  and  target/ 
background  combination  involved.  No  correction  was 
made  for  photometer  pupil  size  as  described  in  Figure 
3.2-21. 


Figure  3.2-36.  Preferred  Microscope  Image  Luminance. 
Five  image  interpreters  viewed  two  samples  of  low-con- 
trast imagery  in  a Bausch  and  Lomb  Twin  Dynazoom 
microscope  (Ref.  41,  D).  For  each  viewing  condition, 
image  luminance  was  first  set  to  maximum  and  then  was 
reduced  by  the  interpreter  to  his  preferred  level.  The  0.3 
density  imagery  was  viewed  in  stereo,  while  the  1.6  den- 
sity sample  was  viewed  with  a single  eye.  The  bars  in  the 
figure  illustrate  the  range  of  preferred  values  for  the  five 
interpreters. 

Image  luminance  was  measured  with  the  film  in  place. 
Film  density  was  measured  with  the  same  photometer 
used  to  measure  image  luminance.  It  measured  over  a field 
of  about  10  degrees.  It  had  a 3-mm  entrance  pupil.  No 
correction  was  made  for  photometer  pupil  size  as 
described  in  Section  3.2.4.  For  the  1.6  density,  30X  view- 
ing condition,  the  interpreters  each  reported  two  lumi- 
nances, one  high  and  one  low. 


/ 
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3 2.6.3  EFFECT  OF  USER  AGE  AND  VISUAL  ABILITY 

A numbef  of  changes  occur  in  the  eye  with  age  (Ref. 
41).  Tliese  include  a reduction  in  transmission  and  in 
pupil  size,  both  of  which  reduce  the  proportion  of 
illumination  that  reaches  the  retina.  It  has  been  sug- 
gested that  older  individuals  should  therefore  be  pro- 
vided with  more  light  than  younger  ones.  For  example, 
one  handbook  states  that  to  obtain  tlie  same  contrast 
detection  performance  as  a 20-year-o!d  observer,  a 
40-year-old  observer  will  require  40  percent  more  light 
and  a 60-year-old  observer  will  require  >00  percent  more 
(Ref.  42).  Somewhat  smaller  increases  are  suggested  as 
adequate  to  maintain  the  same  visual  acuity. 

The  best  available  test  data,  summarized  below,  suggest 
that  older  individuals  and  individuals  with  subnormal 
vision  achieve  their  best  visual  performance  at  approxi- 
mately the  same  illumination  levels  as  normal  individ- 
uals. To  the  extent  that  this  is  true,  increasing  the 


illumination  level  especially  for  older  individuals  will 
help  only  for  task  situatiotis  where  the  normally  sighted 
individual  can  see  adequately  at  an  illumination  level 
much  lower  than  required  for  best  vision.  Figure  3.2-39 
expands  on  this  idea. 

The  implication  for  display  design  is  tli  d if  enough 
illumination  is  provided  for  younger  users  to  reach 
maximum  visual  performance,  this  illumination  will  also 
be  adequate  for  older  users.  The  former  group,  however, 
will  have  slightly  better  performance. 

To  place  this  topic  in  proper  perspective,  it  should  be 
noted  that  the  reference  just  cited  (Ref.  42)  speaks  of 
luminance  increases  of  only  40  to  100  percent.  Most  of 
the  curves  in  this  section  show  luminance  changes  in 
terms  of  increments  five  or  ten  times  as  large. 
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Figure  3.2-37.  Effect  of  Luminance  on  Contrast  Thresh- 
olds for  Different  Age  Groups.  Contrast  thresholds  for 
two  groups  of  subjects  differing  in  age  are  shown  (Ref. 

43  C).  The  subjects  were  selected  to  have  20/30  or  better 
visual  acuity  on  a standard  clinical  test.  The  target  was  a 
light  disc  adjusted  by  the  subject  to  be  barely  visible. 
Otherwise,  viewing  conditions  were  as  described  in  Figures 
3.M6and-17. 

The  two  groups  differed  in  their  ability  to  see  low- 
contrast  targets.  However,  there  is  no  suggestion  in  these 
two  curves  that  there  is  any  difference  in  the  luminance 
level  at  which  the  two  groups  were  able  to  reach  maxi- 
mum performance. 
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3.2.6.3  EFFECT  OF  USER  AGE  AND  VISUAL  ABILITY  (CONTINUED) 


Figure  3.2-38.  Effect  of  Luminance  on  Visual  Ability  of 
Individuals  with  Normal  or  Poor  Vision.  In  this  study, 
individuals  were  separated  into  groups  by  visual  ability 
rather  than  age.  Visual  performance  for  the  two  groups  of 
12  subjects  each,  described  as  having  normal  and  sub- 
normal vision,  are  shown  (Ref.  44  C).  The  normal  vision 
subjects  could  resolve  the  checkerboard  test  targets  when 
its  critical  detail  subtended  1.0  arc  minute  while  the  sub- 
normal vision  subjects  could  not.  The  luminous  surround 
covered  at  least  90  degrees.  Viewing  was  monocular  with  a 
natural  pupil. 

As  in  the  previous  figure,  the  two  groups  cl aarly  dTfered 
in  ability,  but  there  was  no  evide.tce  to  indicate  that  they 
reached  maximum  visual  capability  at  different  luminance 
levels. 


Figure  3.2-39.  Increasing  Illumination  to  Compensate  for 
Subnormal  Vision.  This  figure  illustrates  the  hypotheti- 
cal variation  in  visual  performance  with  scene  luminance 
for  two  groups  of  subjects  that  differ  in  visual  ability. 

The  two  curves  are  similar  to  those  in  Figure  3.2-37,  but 
have  been  distorted  slightly  to  clarify  the  difficulty  in 
simply  increasing  luminance  to  overcome  the  problems  of 
individuals  with  subnormal  vision. 

Suppose  a particular  activity  requires  an  individual  to 
function  at  the  visual  discrimination  level  Indicated  as  A 
in  the  illustration.  Then  increasing  the  luminance  by  a 
moderate  amount  from  the  minimum  at  which  the  nor- 
mal vision  group  can  perform  the  activity  will  also  allow 
the  subnormal  vision  group  to  perform  it.  However,  as 
the  visual  requirements  for  the  activity  move  closer  to 
the  maximum  possible,  larger  increases  in  luminance  are 
required.  Eventually  a point  such  as  B is  reached  at 
which  no  amount  of  increase  in  luminance  will  allow  the 
subnormal  vision  group  to  succeed. 
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3.2.7  ILLUMINANT  SPECTRAL  DISTRIBUTION  AND  VISUAL  PERFORMANCE 


Tlie  spcctrul  distribution  of  radiant  energy  from  differ- 
ent liglit  sources  varies  widely  and  can  be  further 
modified  with  filters.  Tliere  arc  several  possible  benefits 
from  imposing  limits  on  the  spectral  distribution  of  the 
radiant  energy  used  to  illuminate  achromatic  imagery. 
Section  .1.2.7. 1 below  considers  limitations  on  energy  at 
wavelengths  within  the  visible  region  of  the  spectrum, 
and  Section  3. 2.7. 2 considers  wavelengths  outside  this 


region,  primarily  ultraviolet.  (The  safety  aspects  of 
ultraviolet  are  covered  in  Section  6.8.1 ). 

Tlie  limitations  imposed  with  displays  intended  for 
viewing  color  imagery  are  considerably  more  stringent 
than  those  considered  here  for  achromatic  imagery. 
They  appear  in  Section  3.2.9. 


3.2.7.1  LIMITATIONS  WITHIN  THE  VISIBLE  SPECTRUM 

RECOMMENDATIONS: 

Illuminate  achromatic  imagery  with  radiant  energy  that  includes  at  least  a major  portion  of  the  visual 
spectrum  and  has  a nominal  appearance  of  white. 

Do  not  attempt  to  improve  vision  by  use  of  an  illumination  source  with  an  extremely  narrow  wavelength 
range.  This  is  an  acceptable,  though  not  a desirable  approach,  on  special-purpose  displays  when  it  is 
necessary  to  reduce  problems  with  chromatic  aberration  in  the  display  itself;  however,  some  users  will 
probably  have  difficulty  with  such  illumination.  Avoid  wavelengths  near  either  end  of  the  visible  spectrum 
because  they  make  such  a small  contribution  to  luminance  (Figure  3.2-2).  Avoid  short  wavelsr.gths 
because  the  increased  refractive  power  of  the  eye  may  make  focusing  difficult  (Section  3.4.6)  (also,  see 
the  discussion  of  the  potential  hazard  from  short  wavelength  light  in  Section  6.8.1. 3). 


Possible  limitations  on  the  spectral  distribution  of 
display  luminance  fall  into  two  categories: 

• Distributions  of  specified  shape  that  include  most  or 
all  of  the  visible  spectrum 

• Narrow  band  or  monochromatic  distributions 

For  sources  that  cover  most  or  all  of  the  visible 
spectrum,  such  as  incandescent,  fluorescent,  and  xenon 
arc  lamps,  there  is  no  known  data  to  support  the  use  of 
any  one  source  over  the  others.  Possibly  a source  with 
most  of  the  radiant  energy  at  one  or  both  extremes  of 
the  visible  spectrum  would  have  a deleterious  effect  on 
visual  performance,  but  the  low  efficiency  of  such  a 
source  in  converting  electrical  energy  into  luminous 
energy  would  make  it  an  undesirable  choice  anyway. 

One  study  that  fits  into  this  category  compared  success 
in  locating  targets  on  aerial  photographs  illuminated  by 
an  incandescent  source  with  a color  temperature  of 
either  2360®  or  5500®  K (Ref.  45, A).  There  was  no 
indication  that  the  two  color  temperatures  had  any 
effect  on  performance. 


In  other  studies,  sliglit  visual  perlormance  differences 
have  been  reported  for  relatively  small  differences  in 
spectral  distribution  of  the  illumination  source 
(Ref.  46, C).  However,  the  experimental  conditions  have 
generally  not  been  adequately  controlled,  and,  in  the 
absence  of  confirmatory  studies  by  other  investigators, 
these  results  remain  controversial. 

Considering  the  second  type  of  limitation  that  might  be 
imposed,  the  best  available  data  indicate  that  little  if  any 
improvement  in  vision  is  obtained  by  reducing  the 
spectral  range  of  the  illumination  to  a narrow  band  of 
wavelengths. 

If  any  such  improvement  did  occur,  it  would  have  to  be 
weighed  against  two  disadvantages; 

• In  a large  proportion  of  individuals,  the  color  fringes 
produced  on  the  retina  by  chromatic  aberration  serve 
as  a clue  to  the  direction  of  accommodative  error 
(Ref.  47,B).  With  monochromatic  light  these  individ- 
uals, at  least  initially,  are  unable  to  focus  their  eyes 
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3.2.7.1  LIMITATIONS  WITHIN  THE  VISIBLE  SPECTRUM  (CONTINUED) 


properly.  With  practice,  most  eventually  overcome 
this  difliculty,  apparently  by  learning  to  use  some 
other  kind  of  cue. 

• Many  individuals  will  simply  find  the  color  of  such 
luminance  unpleasant. 

Tliett  are  three  major  difficulties  in  attempting  to 
.tine  ixperimentally  whether  vision  is  better  with  a 
p,<rt  cular  narrow  spectral  band  or  with  ordinary  full 
spectrum  white  liglit.  Tlie  first  difficulty  is  in  eliminating 
differences  due  to  the  relative  sensitivity  of  the  eye  to 
radiant  energy  of  different  wavelengths.  As  Figure  3.2-2 
illustrates,  the  sensitivity  of  a particular  test  subject  can 
differ  widely  from  the  standard  luminosity  function. 
Tlie  best  approach  is  generally  to  increase  the  radiant 
energy  at  each  spectral  condition  tested  to  achieve 
maximum  visual  performance. 

Tlie  second  difficulty  involves  the  differential  effect  of 
the  limiting  aperture  at  different  wavelengths.  As  Figure 


3.2-40  illustrates,  the  reduction  in  the  diffraction  limit 
for  a fixed  aperture  as  wavelength  increases  can  signifi- 
cantly reduce  visual  performance  at  the  longer 
wavelengths. 

The  third  difficulty  occurs  because  the  amount  of 
chromatic  aberration  present  in  the  eye  is  sufficient  to 
make  a normally  siglited  person,  who  can  just  focus 
clearly  at  infinity  with  white  liglit,  nearly  0.75  diopter 
myopic  when  viewing  with  short-wavelength  (blue)  liglit 
(Section  3.4.6).  It  is  possible  to  correct  this  focus  error 
with  a minus  lens,  but  the  best  approach  is  to  avoid  blue 
ligiit  in  applications  where  focus  is  critical. 

In  the  study  described  in  Figure  3.2-33,  the  modulation 
sensitivity  of  the  eye  was  measured  with  noar- 
monochromatic  red,  green,  and  blue  liglit  (Ref.  36).  Tlie 
authors  concluded  that  when  the  test  data  were  properly 
corrected  for  the  different  optical  transfer  values  due  to 
diffraction,  there  was  no  difference  in  modulation 
sensitivity  of  the  eye  for  the  three  colors. 
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Figure  3.2-40.  Visual  Acuity  and  llluminant  Wave- 
length. In  this  study  visual  acuity  was  measured  with  a 
high-contrast  square-wave  grating  (Ret.  48  B).  The  back- 
ground luminance  was  increased  at  each  wavelength  condi- 
tion tested  to  obtain  maximum  performance.  Narrow- 
band  filters  were  used  to  limit  the  spectral  ranges  tested. 

For  the  smaller  artificial  pupil,  performance  generally 
dropped  with  increasing  wavelength.  Increasing  the  pupil 
size  at  the  longest  wavelength  essentially  eliminated  this 
reduction  in  performance,  indicating  that  the  decrease  was 
due  primarily  to  diffraction  effects  at  the  pupil. 

The  fact  that  white  light  produced  nearly  as  good  visual 
performance  as  any  other  spectral  distribution  in  this 
study  generally  supports  the  conclusion  that  there  is  no 
benefit  to  providing  a narrow  spectral  band  illuminant  as  a 
means  of  improving  v'Sion. 

(The  limitation  imposed  by  diffraction  on  resolution  is 
discussed  in  Section  3.3.2). 
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3.2.7.2  ULTRAVIOLET 

RECOMMENDATION: 

To  ensure  best  vision,  eliminate  radiant  energy  with  wavelengths  shorter  than  400  nm  from  the  image. 


Tlie  need  lo  keep  ultraviolet  radiant  energy  sliorter  than 
315  nm  below  certain  limits  in  ordi.i  to  prevent  any 
chance  of  injury  to  the  user  is  discussed  in  Section  6.K. 
Ultraviolet  radiant  energy  can  also  contribute  directly  to 
a reduction  in  vision  because  it  causes  th>  lens,  and  to  a 
lesser  extent,  the  cornea  of  the  eye  to  ' wiresce.  Tliis 
appears  to  the  viewer  as  a ha/e  that  tills  his  visual  field 
and  reduces  the  contrast  of  the  image  he  is  viewing. 
Radiant  energy  with  a wavelength  of  300  to400nm  has 
been  reported  lo  cause  fluorescence  in  the  eye  (Ref.  4‘)). 
For  most  sources  the  amount  of  energy  r'  wavelengths 
shorter  than  400  nm  will  be  muc!i  less  t'  i the  amount 
near  the  center  of  the  visible  spe<  um,  and  the 


reduction  in  contrast  will  be  correspondingly  small. 
However,  since  there  is  no  need  for  this  loss,  it  should  be 
eliminated  by  filtering  to  remove  the  radiant  energy 
shorter  than  400  nm. 

Many  types  of  glass  have  low  transmission  in  the 
wavelength  region  below  320  nm,  the  spectral  region 
that  causes  eye  damage  (Section  6.9. 1.2),  and  relatively 
higli  transmission  in  the  region  just  below  400  nm,  that 
causes  fluorescence  in  the  eye  (Ref.  50). 

Tlie  limitation  of  ultraviolet  radiant  energy  for  safety 
purposes  is  treated  in  Sections  6. 8. 1.1  and  6.8.1 .2. 


Figure  3.2-41.  Ultraviolet  Output  of  an  lnr»ndescent 
Lamp.  Both  fluorescent  and  incandescent  lamps  produce 
sufficient  ultraviolet  energy  to  be  sold  commercially  as 
ultraviolet  sources.  The  spectral  energy  distribution  for  an 
incandescent  lamp  spid  with  a filter  tc  eliminate  radiant 
energy  longer  than  about  520  nm  is  illustrated  here  (Ref. 
51 ).  Only  a very  small  portion  of  the  energy  is  shorter 
than  400  nm.  When  this  light  is  directed  obliquely  into 
the  eye  while  viewing  a normally  illuminated  scene,  a very 
distracting  purple  haze  is  produced. 

This  figure  illustrates  that  even  incandescent  lamps  have 
the  capability  of  providing  sufficient  ultraviolet  radiant 
energy  to  reduce  visual  performance.  In  most  applications, 
the  reduction  would  probably  not  be  very  significant. 
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3.2.8  LUMINANCF  AND  COLOR  PERCEPTION 

RECOMMENDATION; 

U$6  the  same  image  luminance  levels  for  color  imagery  displays  as  are  recommended  in  Section  3.2.6  for 
achromatic  imagery. 


As  in  the  ease  of  aehromatie  imagery  treated  in  Section 
3.2.6,  color  vision  improves  with  image  luminance  over 
the  luminance  ranges  tested.  The  limited  test  data 
avrulable  arc  not  adequate  to  specify  a particular  image 
luminance  that  will  yield  maximum  ability  to  perceive 
color,  so  at  this  point  the  luminance  recommendations 
in  that  section  are  also  the  best  that  can  be  ma  le  for 
viewing  color  imagery. 

The  figures  in  this  section  illustrate  that  increasing  the 
luminance  of  a small  target  increases  sensitivity  to  a 
difference  in  hue.  Also,  color  imagery  with  a content 


typical  of  ordinary  snapshots  appears  best  when  viewed 
on  a surface  with  a luminance  of  2.400  to  4,800  cd/m- 
(700  to  1400  fL).  Figure  3.2-44  suggests  that  part  of  this 
improvement  may  have  been  due  to  the  increase  in 
satuiation  of  the  colors  in  the  imagery  as  image 
luminance  increased.  Failure  of  the  authors  to  specify 
imagery  density  makes  it  impossible  to  determine  image 
luminance,  althougli  one  can  perhaps  assume  the  density 
did  not  differ  from  the  density  of  color  aerial  imagery. 

Additional  discussion  of  luminance  and  c.'lor  perception 
appeals  in  Section  5.2.4. 


Figure  3.4-V''.  Impact  of  Luminance  on  Hue  Discrimina- 
tion. In  this  study  a single  subject  matched  the  hues  of 
the  halves  of  a 50-arc-ninute  circular  area  viewed  agai’>st  a 
6-degree  equiluminous  background  (Ref,  52,  C).  A 2-mm 
artificial  pupil  was  used.  There  is  some  uncertainty  about 
the  luminance  units  used  by  the  experimenter,  but  the 
values  used  here  for  retinal  illuminance  are  probably 
correct. 

The  smallest  discriminable  difference  in  hue  decreased 
markedly  . "’h  each  increase  in  the  retinal  illuminance  of 
the  target  area.  The  maximum  retinal  illuminance  used, 

96  Td,  corresponds  approximately  to  a scene  luminance  of 
7 cd/m2  (2  fL)  viewed  with  a natural  pupil. 
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Figure  3.2-43.  Optimum  Luminance  f'sr  Displaying  Color 
Transparencies.  In  the  study  lilustrat'sd  here,  five  subjects 
judged  the  quality  of  ten  200-  by  25C-mm  (8-  by  10-in) 
color  transparencies  mounted  on  an  i'luminatoi  with  the 
range  of  luminances  illustrated  (Ref,  53,  C).  Image  con- 
tent was  presumably  typical  of  snapshots,  not  aerial  photo- 
graphs, and  th-.i  quality  criteria  were  presumably  esthetic. 
The  transparencies  probably  included  three  different 
unspecifi^  kinds  of  film,  and  most  were  judged  to  have 
been  expo»d  to  within  1/3  stop  of  optimum.  Density 
was  not  specified.  A xenon  arc  lamp  was  used.  Luminance 
color  temperature  was  S,OOO^K. 

The  0.9  by  1.2m  (3-  by  4-ft)  neutral  surround  had  a lumi- 
nance of  320  cd/m2  (93  fL)  and  a color  temperature  of 
3,000°K.  Surround  luminance  had  little  impact  on  the 
results.  Testing  with  two  subjects  indicated  that  an 
increase  in  surround  luminance  of  40  times  only  doubled 
the  optimum  illuminator  luminance. 

The  best  illuminator  luminance  was  found  to  be  between 
2,400  and  4,800  cd/m2  (700  and  1,400  fL). 


Figure  3.2-44.  Impact  of  Luminance  on  Apparent  Chro- 
maticity.  In  the  study  summarized  in  the  previous  para- 
graph, the  effect  of  increasing  illuminator  luminance  on 
the  apparent  chrotmticity  of  1 1 areas  in  several  different 
transparencies  was  also  measured  (Ref.  53,8).  The  arrows 
illustrate  the  chromaticity  shifts  that  occurred  with  an 
increase  in  luminance.  Movement  toward  the  edge  of  the 
chromaticity  triangle  indicates  increased  saturation  and, 
presumably,  increased  color  contrast. 

The  failure  to  report  imagery  density  makes  it  impossible 
to  determine  image  luminance  in  this  study. 


(These  data  are  plotted  on  the  CIE  chromaticity  diagram, 
which  isdiscussed  in  Section  5.2.1.3). 
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3.2.9  ILLUMINANT  SPECTRAL  DISTRIBUTION  AND  COLOR  PERCEPTION 

RECOMMENDATIONS: 

Use  an  illuminant  with  a color  temperature  of  at  least  5000°X  in  order  to  enhance  discrimination  of 
colors  in  the  yellow  region  of  the  spectrum. 

If  feasible,  use  an  illuminant  with  the  energy  concentrated  in  three  spectral  bands  centered  on  the 
absorption  peaks  of  the  film  dye  layers  in  order  to  display  colored  areas  with  maximum  contrast. 

When  color  is  intended  to  contribute  to  the  detection  of  targets,  compare  different  illuminant  spectral 
distributions  on  the  basis  of  dieir  contribution  to  increasing  the  contrast  between  typical  target/ 
background  combinations. 

If  the  second  and  third  recommendations  above  are  not  feasible,  provide  an  illuminant  with  a color 
rendering  index  of  at  least  90  as  a last  alttmarive  to  placing  na  other  restrictions  on  the  illuminant  spectral 
distribution. 

Provide  an  illuminant  that  does  not  change  spectral  distribution  as  the  intensity  is  varied. 


Tlie  discussion  in  this  section  makes  f'.  -;uent  use  of 
color  terms  and  concepts  explained  in  Section  5.2,  and 
particularly  in  Sections  5.2.1  and  5.2.4.  In  ii'.-)st  cases. 
tSose  explanations  are  nut  repeated  here. 

Proper  limits  on  the  illuminant  spectral  distribution  in  a 
color  imagery  display  depend  heavily  on  the  contribu- 
tion color  is  expected  to  make  to  the  interpretation 
process.  Although  the  folUiwing  two  categories  are 
higl'ily  oversimplified,  and  arc  combined  in  many  inter- 
pretation situations,  they  at  least  provide  a convenient- 
basis  for  discussing  the  problem. 

• Use  of  color  as  a means  of  incre.tsing  the  distinctive- 
ness, or  contrast,  of  target  objects  relative  to  their 
background,  thereby  making  them  easier  to  detect. 

• Use  of  color  as  an  aid  in  identifying  an  object  or  area 
on  me  ground;  this  application  implies  that  the  color 
will  be  quantified  by  visual  matching  or  physical 
measurement,  or  perhaps  simply  by  comparing  it  with 
remembered  colors. 

Although  this  section  considers  both  categories,  the 
emphasis  is  on  increasing  color  contrast  as  an  aid  in 
detecting  a target.  This  topic  is  also  summarized  in 
Section  5.2.3.  Tlie  effect  of  illuminant  spectral  distribu- 
tion on  color  matching  is  treated  in  detail  in  Section 
S.2.4.7. 


The  hnportance  of  considering  the  intended  purpose  of 
color  in  the  imagery  is  illustrated  by  the  fact  that  there 
are  already  at  least  three  ii.dices  of  the  quality  of  an 
illuminant  spectral  distribution  (Ref.  54): 

• The  color  rendering  index  (CRI)  indicates  how  similar 
a set  of  standard  colors  appear  under  the  test 
illuminant  and  under  a reference  illuminant;  this 
index  is  discussed  below. 

• The  color  discrimination  index  (CDl)  indicates  the 
average  perceived  difference  between  the  colors  in  a 
standard  set  when  viewed  under  the  test  illuminant; 
this  concept  is  discussed  below. 

• The  color  preference  index  (CPI)  indicates  how 
closely  the  colors  in  a standard  set  viewed  under  the 
test  illuminant  are  to  their  preferred  appearance. 

There  is  at  present  no  official  recommendation  on  the 
spectral  distribution  of  an  illuminant  for  viewing  color 
imagery  when  the  goal  is  to  detect  a ta.'get  or  to 
determine  the  color  of  an  area  on  the  imagery  by  visual 
matching.  The  closest  thing  to  a standard  that  exists  is 
the  ANSI  standard  for  viewing  color  transparencies, 
which  specifies  an  illuminant  with  a color  rendering 
index  (CRI)  of  90  and  a correlated  color  temperature  of 
5000°K  (Ref.  55).  Although  the  specific  basis  for  these 
values  is  not  given  in  the  standard,  they  are  apparently 
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from  studies  such  as  :he  one  suinniarued  in  Figure 
3.2-44,  which  provided  a small  amount  of  evidence  that 
an  illuminant  with  a color  temperature  of  SOOO^K  is 
more  efficient  than  one  with  a color  temperature  of 
4CKX)‘>K  or  6000‘’K  (r(ef.  53  D).  "ihat  is,  the  luminance 
at  which  judged  iii.age  quality  reached  a m:‘xinium  was 
about  5 percent  lower  for  an  illuminant  color  tempera- 
ture of  5CH30‘’K  than  for  the  other  two  values.  Tlie  color 
temperature  of  tlse  surround  was  either  2800‘^’K  or 
6000^K.  The  quality  judgements  were  based  on  esthetic 
criteria  rather  than  ability  to  detect  targets,  in  other 
words  these  data,  and  this  standard  are  primarily 
concerned  with  whether  amateur  and  commercial  snap- 
shots will  have  a pleasant  appearance.  Another  ANSI 
standard  intended  for  appraising  color  quality  and 
uniformity  in  graphic  arts  materials  may  be  more 
relevant  (Ref.  56).  It  requires  a 5000‘’K  illuminant  for 
comparing  original  artwork  against  first  proof  prints,  but 
requires  a much  bluer  light,  with  a color  temperature  of 
7500^’K,  in  order  to  enhance  discrimination  of  the 
yellow  ink  when  final  production  prints  are  being 
compared  with  approved  samples. 

Three  aspects  .if  the  illuminant  spectral  distribution  are 
considered  below: 

• Tfie  need  for  using  a high  color  temperature  in  order 
to  discriminat'^  among  yellow  colors. 

• The  potential  benefit  of  using  a combination  of  three 
narrow  band  sources  as  a means  of  increasing  satura- 
tion and  color  gamur. 

• The  need  to  compare  illuminant  spectral  distributions 
on  the  basis  of  their  contribution  to  enhancing  the 
contrast  of  target  objects. 

The  importance  of  using  a high  color  temperatuic 
illuminant  can  be  seen  most  easily  in  the  lower  left-hand 
part  of  Figure  5.2-13.  This  figure  shows  illuminant  color 
temperature  plotted  on  the  best  available  uniform 
chromaticity  scale  (UCS).  On  this  scale,  the  relative 
number  of  discriminable  saturation  steps  for  any  hue  is 
indicated  approximately  by  the  length  of  the  line  con- 
necting the  chromaticity  of  the  Ulu.minant  to  the 
spectrum  locus.  As  can  be  seen  in  Figure  5.2-13,  a low 
color  temperature  illuminant,  such  as  a typical  3000°K 
incandescent  lamp,  is  very  close  to  the  yellow  portion 
of  the  spectrum  locus,  making  it  difficult  to  discrimi- 
nate among  various  shades  of  yellow.  Changing  to  a 


higher  color  temperature  illuminant  moves  the  neutral 
point  away  from  the  spectrum  locus,  increasing  the  num- 
ber of  discriminable  steps  in  the  yellow  region.  Some 
microscopes  that  use  an  incandescent  lamp  for  illumina- 
tion include  a blue  filter  for  this  purpose  (see  the  two 
bottom  entries  in  Figure  3.2-45*.  There  is  no  way  to 
set  an  exact  lower  limit  cn  illuminant  color  temperature, 
but  it  should  probably  be  at  least  5000“K,  and  perhaps 
even  higher. 

Color  should  make  the  g’^eater  contribution  to  distin- 
guishing a target  of  one  color  from  a background  of 
another  if  the  color  area,  or  gamut,  of  the  display, 
measured  in  terms  of  discriminable  color  steps  (as  in 
Figure  5.2-13),  is  as  large  as  possible.  For  material  such 
as  color  film,  this  condition  will  occur  when  the 
illuminant  consi'is  of  three  narrow  spectral  bands,  one 
centered  at  the  peak  of  the  spectral  density  curve  of 
each  of  the  three  dye  layers  (Ref.  5.2-17  covers  the  math 
involved  in  this  concept).  Wliether  the  increase  in  color 
gamut  will  result  in  a significant  improvement  in 
discriminability  of  colors  has  not  been  tested.  One 
problem  will  be  the  reduction  in  the  luminous  efficiency 
of  the  illuminant  if  the  narrow  spectral  bands  must  be 
obtained  by  filtering.  It  may  be  possible  to  obtain  a 
sufficiently  good  approximation  to  the  three  bands  by 
proper  choice  of  the  phosphors  in  a fluorescent  lamp. 
For  example,  there  has  been  some  success  in  designing 
fluorescent  lamps  to  increase  the  color  gamut  for 
specific  set?  paint  chips  (Ref.  54). 

One  potential  problem  with  this  type  of  illuminant  is 
that  relatively  small  changes  in  the  balance  between  the 
amount  of  energy  in  the  three  spectral  bands  will  make 
large  changes  in  the  color  of  the  displayed  image.  These 
changes  will  interfere  with  visual  color  matching  (Sec- 
tion 5.2.4)  unless  both  the  target  and  reference  colors 
consist  of  the  same  kind  of  film  and  are  viewed  under 
the  same  illuminant. 

Before  considering  the  third  aspect  of  illuminant  spectra! 
distribution,  which  follows  directly  from  the  discussion 
of  the  second  in  the  previous  paragraph,  it  may  be 
helpful  to  review  the  purpose  and  development  of  the 
color  rendering  index  (CRI).  Color  shifts  caused  by 
differences  in  the  spectral  distribution  of  illuminants  of 
equivalent  chromaticity  led  to  the  establishment  by  the 
International  Committee  on  Illumination  (CIE)  of  the 
CRI  (Ref.  57).  The  CRI  indicates  the  amount  of  color 
riiift  in  a sample  of  test  objects  illuminated  with  a test 
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illuininant,  relative  to  their  colors  under  a standard 
illuminant  of  the  same  chromaticity.  The  standard 
illuininant  is  chosen  to  provide  a continuous,  relatively 
smooth  spectral  energy  distribution.  Color  rendering 
indices  are  given  on  a scale  of  0 to  ICO,  with  100 
indicating  e.xact  duplication  of  colors  and  50  represent- 
ing the  appearance  of  the  test  objects  under  a warm- 
white  fluorescent  lamp. 

Tlie  test  objects  used  for  the  CRI  are  eiglit  .Macbeth 
color  chips.  Tlie  results  are  therefore  dependent  on  the 
spectral  reflectances  of  these  eiglit  chips.  The  CIE 
recommends  that  special  CRT:  be  derived  for  specific 
applications  where  the  Macbeth  chips  could  yield  mis- 
leading results.  Tlie  viewing  of  color  transparencies  is 
probably  such  a situation. 

Derivation  of  a special  CRI  for  viewing  color  imagery 
would  involve  several  steps,  as  shown  below.  Computa- 
tional details  are  available  (Ref.  58). 

• Select  a representative  sample  of  at  least  eight 
imagery  colors;  these  should  he  representative  of 
tarc;ts  typically  of  concern  to  interpreters. 

• Determine  the  spectral  transmission  of  these  targets, 
as  they  appear  in  operational  imageiy. 

• Determine  the  chromaticity  of  each  target  image, 
when  illuminated  by  standard  and  test  illuminants. 
(The  CIE  method  requires  that  these  illuminants  have 
approximately  the  saine  chromaticity.) 

• Detennine  the  average  color  shift  between  the  two 
illuminants,  in  1960  Uniform  Qiromaticity  Scale 
units  (Figure  5.2-11). 

in  addition  to  simply  av'  -ng  the  chromaticity  shifts, 
as  is  uone  with  the  general  attention  should  be  paid 
to  the  direction  of  the  shifts.  Lamps  with  equal 
chromaticities  and  CRTs  exist  which,  because  they  shift 
the  dhromaticities  of  the  Macbeth  color  chips  in  oppo- 
site directions,  produce  significant  differences  in  the 
color  of  many  surfaces  (Ref.  59). 

The  third  aspect  of  the  illuminant  spectral  distribution 
to  be  considered  is  its  contribution  to  providing  the 


maximum  contrast  between  each  target  and  its  back- 
ground. Unlike  the  CRI,  which  is  concerned  with  how 
closely  the  color  of  some  surface  seen  under  a particular 
illuminant  matches  its  so-called  true  color,  the  inter- 
preter is  concerned  with  how  noticeable  the  target  is 
against  its  background.  This  suggests  the  need  for  wliat 
might  be  termed  a color  contrast  discrimination  index 
(CCDl). 

Because,  as  Figure  5.2-1  illustrates,  color  includes  both 
chromaticity  (hue  and  saturation)  and  a dimension 
equivalent  to  luminance,  both  chromaticity  and  lumi- 
nance should  be  included  in  the  computation  of  color 
contrast.  Because  there  is  presently  no  good  way  of 
combining  them,  it  will  be  necessary  to  calculate  them 
separately  and  hope  they  don’t  disag-^ee  on  which 
illuminant  spectral  di'trihution  is  best. 

Tlie  CCDl  would  be  derived  much  like  a special  CRI, 
with  two  major  differences.  First,  the  sample  of  colors 
would  consist  of  typical  target/background  pairings, 
such  as  a ship  on  water,  or  a military  vehicle  on  sand, 
dirt,  grass  or  concrete,  as  they  would  appear  in  opera- 
tional imagery.  Second,  the  values  used  to  compute  the 
index  would  represent  the  contrast  between  each  target 
and  its  background,  rather  than  their  color  shifts. 
Target /background  separations  on  the  uniform  chroma- 
ticity scale  (UCS)  would  serve  for  computing  chroma- 
ticity contrast.  ..  least  until  some  better  scale  becomes 
available,  and  luminance  contrast  would  be  computsd  in 
the  normal  fashion  (Figure  3.1-10).  To  compute  a single 
quality  index  for  a particular  illuminant,  nonlinear 
weighting  of  individual  pair  contrasts  might  be  needed  to 
take  account  of  the  greater  importance  of  increasing  low 
contrasts  as  opposed  to  maintaining  large  ones. 

Whether  one  uses  the  general  CRI  currently  available  or 
develops  a special  CRI  based  on  imagery  or  a CCDl 
based  on  contrast  in  the  imagery,  the  question  of  the 
impact  a particular  index  value  can  have  on  display  user 
performance  remains  unanswered.  Raising  the  required 
value  for  any  of  these  indices  will  generally  increase  bo*h 
the  display  purchase  price  and  power  needed  to  obtain  a 
particular  image  luminance.  Performance  data  collected 
in  realistic  work  situations  will  be  necessary  to  deter- 
mine if  the  cost  is  justified. 
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LAMP 

REFERENCE  SOURCE 

COLOR 

RENDERING 

INDEX 

(CRI) 

TYPE 

COLOR 

TEMPERATURE 
(degrees  Kelvin) 

40-WATT  FLUORESCENT: 

WARM  WHITE 

PLANCKIAN 

3000 

S3 

WARM  WHITE  DELUXE 

PLANCKIAN 

3000 

77 

COOL  WHITE 

PLANCKIAN 

4400 

70 

COOL  WHITE  DELUXE 

PLANCKIAN 

4200 

84 

XCNON  ARC 

DAYLIGHT 

6500 

94 

METAL  ARC 

PLANCKIAN 

6000 

71 

SUN  GUN  (INCANOESCENTI 

PLANCKIAN 

3400 

98 

SUN  GUN  + BLUE  FILTER 

DAYLIGHT 

6500 

87 

*Planckian  Source  it  defined  in  Section  8.0,  Gloitary. 


Figure  3.2-46.  Color  Rendering  Index  (CRI)  for  Typical 
Lampt.  This  figure  lists  the  color  rendering  index  (CRI) 
of  several  typical  lamps,  along  with  the  color  temperature 
of  the  reference  source  with  which  each  lamp  is  compared 
when  computing  or  measuring  the  CRI  (Ref.  67).  These 
color  temperatures  can  be  taken  as  applying  to  the  lamps 
themselves,  but  much  more  complete  listings  are  available 
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for  exact  work  (Ref.  50).  As  can  be  seen  here,  incan- 
descent and  xenon  arc  lamps  have  higher  CRI  values  than 
do  fluorescent  ones,  and  the  increase  in  color  temperature 
achieved  by  the  addition  of  a blue  filter  to  an  incan- 
descent lamp  may  be  at  the  expense  of  a reduction  in 
CRI. 


Figure  3.2-47.  Dye  Characteristics  of  Typical  Color  Film. 
The  peaks  of  the  density  curves  for  the  three  dyes  in 
this  typical  aerial  color  film  are  at  approximately  440, 

650  and  670  nm.  These  are  also  the  wavelengths  of 
illuminant  radiant  energy  that  will  yield  maximally  satu- 
rated image  colors. 
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3.2.10  TEMPORAL  VARIATION 

RECOMMENDATION: 

Eliminate  perceptible  flicker  from  tiie  visual  field  of  the  display  user.  In  most,  but  not  all  situations,  a 
frequency  of  80  Hz  will  be  adequate.  In  many  situations,  a much  lower  frequency  will  be  adequate. 
(Cathode  ray  tube  requirements  are  covered  in  Section  4.2.) 


Few  displays  provide  the  user  with  an  image  in  which 
the  luminance  remains  absolutely  constant.  Fluorescent 
lamps  have  a large  variation  at  120  Hz,  which  is  twice 
the  powerline  frequency,  and  incandescent  lamps  have  a 
similar  bu.  lower  amplitude  variation.  Some  fluorescent 
lamps  do  not  conduct  equally  in  both  directions, 
introducing  an  additional  60-Hz  variation  known  as  a 
subharmonic  (Ref.  60).  Tlie  output  from  special  control- 
lable intensity  sources  and  combinations  of  lamps  can 
vary  at  other  frequencies. 

If  the  frequency  at  which  the  luminance  of  a surface 
varies  is  sufficiently  higli,  it  appears  constant,  while  if 
the  frequency  is  too  low,  it  appears  to  flicker.  Tlie  point 
of  transition  between  these  two  conditions  is  known  as 
the  critical  flicker  frequency  (CFF),  the  critical  fre- 
quency, or  the  flicker  frequency. 

Flicker  is  extremely  annoying  to  many  individuals  and 
should  be  avoided  in  an  imagery  display.  This  applies 
both  in  the  image  area  and  in  peripheral  areas  such  as  at 
the  extreme  edge  of  a light  table,  where  the  flicker  may 
distract  the  user  from  concentrating  on  the  image. 

There  are  too  many  variables  that  affect  CFF  to  allow 
setting  a single  value  that  can  serve  as  a design  limit  in  all 
situations.  A few  of  these  variables  are  reviewed  below. 
More  thorough  treatmer  t is  available  in  other  sources 
(Ref.  61),  including  a literature  survey  that  exceeds 
1,000  articles  (Ref.  62). 

Simple  square-wave  or  sinusoidal  variation  in  luminance 
is  the  most  common  in  CFF  research.  However,  many 
other  waveforms  have  been  tested,  and  some  of  these 
can  have  a significant  effect  on  the  results  (Ref.  63). 

The  following  very  general  principles  hold  in  most 
situations,  though  not  in  all; 


• CFF  increases  as  the  luminance  increases  (Figure 

3.2- 47). 

• CFF  increases  as  the  size  of  the  area  being  viewed 
increases  (Figure  3.2-47,  -43,  -50). 

• Depending  on  the  viewing  conditions,  CFF  may  be 
higlier  or  lower  in  the  periphery  of  the  visual  field 
than  at  the  fixation  point  (Figure  3.2-47,  48,  -50).  In 
some  situations,  particularly  when  large  areas  are 
involved,  flicker  is  more  noticeable  in  the  peripheral 
than  in  the  central  visual  field. 

• CFF  increases  as  the  temporal  modulation  increases 
(Figure  3.247,  Part  (d)). 

• CFF  varies  with  the  relative  duration  of  the  light  and 
dark  intervals  (Ref.  64). 

• There  is  considerable  variation  among  individuals  in 
their  sensitivity  to  flicker  (see  range  data  is  Figure 

3.2- 51). 

• For  test  areas  larger  than  1 degree,  the  relative 
luminance  of  the  surround  has  little  effect  (Ref.  65). 

• Very  brief,  very  high  luminance  flashes  raise  the  CFF 
more  than  would  be  predicted  by  the  luminance 
averaged  over  time  (Ref.  64). 

• Tlie  apparent  frequency  of  a flickering  surface  is  not 
a good  cue  to  the  frequency  of  luminance  variation; 
the  flicker  that  occurs  at  a frequency  just  below  the 
CFF  is  usually  perceived  to  be  at  about  20  Hz, 
regardless  of  the  value  of  the  CFF  (Ref.  66). 

• For  most  viewing  situations  a frequency  of  60  Hz 
does  not  appear  to  flicker:  for  surfaces  larger  than  20 
degrees  with  a luminance  greater  than  340  cd/m^ 
(1(X)  fL),  80  Hz  is  usually  adequate  (Ref.  67). 
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SECTION  3.2  ILLUMINATION 


3.2.10  TEMPORAL  VARIATION  (CONTINUED) 

Tlie  chance  of  flicker  occurring  with  fluore'cent  lamps 

can  be  reduced  in  several  ways; 

• Use  a higiier  frequency  power  source. 

• Shift  the  phase  of  the  power  to  adjacent  tubes 
(Ref.  66). 

• Select  lamps  that  have  little  or  no  subharmonic 
(60-Hz)  variation  in  output. 

• Cover  the  ends  of  the  tubes,  where  the  subharmonic 
is  usually  higlier  than  near  the  center  (Ref.  69). 

• Use  lamps  that  incorporate  longer  persistence  phos- 
phors; these  generally  produce  longer  wavelengths, 
and  because  of  the  resulting  increase  in  red  light  these 
lamps  are  usually  known  as  "warm.” 

The  experiment  described  in  Figure  3.2-51  below  pro- 
vides a useful  demonstration  that  the  frequency  at  which 

flicker  is  just  perceptible  (which  provides  the  definition 


of  CFF  in  most  studies)  is  not  necessarily  the  same  as 
the  frequency  at  which  it  is  obvious  or  a problem.  As 
measured  by  having  20  subjects  adjust  the  frequency  for 
a 17-cd/m^  (5-fL)  surface  that  filled  the  visual  field,  the 
average  values  for  the  four  criteria  were  as  follows 
(Ref.  70,C): 

• Just  perceptible  (CFF)  = 70  Hz 

• Just  uncomfortable  = 61  Hz 

• Just  intolerable  = 56  Hz 

The  acceptability  of  a certain  amount  of  flicker  must  be 
expected  to  vary  widely  with  particular  circumstances. 
In  the  absence  of  test  data  proving  that  an  adequate 
proportion  of  the  display  user  population  does  not  find 
a particular  amount  of  flicker  objectionable,  the  best 
display  design  approach  is  still  to  ensure  that  it  is  not 
perceptible;  this  makes  the  CFF  as  normally  defined  the 
best  currently  available  criterion. 


SECTION  3.2  ILLUMINATION 


3.2.10  TEMPORAL  VARIATION  (CONTINUED! 


Figure  3.2-47.  Typical  CFF  Data.  These  four  figures 
illustrate  how  CFF  increases  with  luminance  (a,b,c,d), 
target  size  (a.c),  and  luminance  modulation  (d|.  Modula- 
tion in  this  situation  is  defined  as: 


^max  ~ *~min 
^max  *'min 


Part  (b|  also  suggests  that  CFF  decreases  with  distance 
from  the  fixation  point.  This  has  been  found  in  some 
studies,  but  the  reverse  has  been  found  in  many  others, 
particularly  when  a natural  pupil  is  used  rather  than  an 
artificial  one  as  in  this  study  (Ref.  74).  The  results  in  Fig- 
ure 3.2-50  are  more  appropriate  to  most  flicker  problems 
in  displays. 
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SECTION  3.2  ILLUMINATION 


3.2.10  TEMPORAL  VARIATION  (CONTINUED) 
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Figure  3.2-48.  Effect  of  Target  Size  and  Retinal  Location 
on  CFF.  This  figure  illustrates  the  change  in  CFF  that 
results  from  variations  in  the  size  of  the  test  target  and  in 


the  location  of  the  test  target  in  the  visual  field  (Ref. 
75,B).  The  luminance  of  the  test  target  was  110  cd/m^ 
(32  f L),  and  the  light  and  dark  durations  were  equal. 


Figure  3.2-49.  CFF  and  Retinal  Location.  In  the  study 
illustrated  here,  CFF  was  higher  in  some  parts  of  the 
periphery  than  at  the  fixation  point  (Ref.  76,C).  Viewing 
was  with  a natural  pupil.  Luminance  was  not  reported. 

Part  (a)  shows  regions  of  equal  CFF,  plotted  against  the 
visual  field  for  one  subject.  A reduction  in  CFF  occurred 


(b) 


(degrees) 


at  the  fovea  and  near  the  blindspot.  The  two  curves  in  (b) 
are  based  on  the  same  subject  and  two  other  target  sizes. 
They  can  be  compared  with  the  CFF  ranges  for  12  young 
test  subjects  measured  at  three  retinal  positions  and  a 
fourth  target  size,  5 degrees. 
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SECTION  3.2  ILLUMINATION 


3.2.10  TEMPORAL  VARIATION  (CONTINUED) 


TARGET  LUMINANCE  (ID 
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Figure  3.2-50.  Effect  of  Target  Size  and  Luminance  on 
CFF.  This  figure  illustrates  the  change  in  CFF  that  results 
from  variations  in  the  size  and  luminance  of  the  target 
field  (Ref.  76a, B).  The  upper  data  points  are  based  on 
only  two,  rather  than  three  subjects,  and  are  therefore 
connected  with  broken  lines. 

In  another  study,  this  author  demonstrated  that  the  CFF 
did  not  change  as  the  central  portion  of  the  target  field 
was  removed,  indicating  that  CFF  was  being  determined 
by  the  periphery  of  the  field  (Ref.  76b,C).  The  amount  of 
test  field  that  could  be  removed  without  changing  CFF 
varied  from  20  percent  for  a 7-degree  field,  to  66  percent 
for  a 50-degree  field. 


(a) 


8.S-PERCENT  SUBHARMONIC 
VARIATION  IN  LUMINANCE 
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Figure  3.2-51.  Contribution  of  the  Subharmonic.  A 
fluorescent  lamp  that  is  operating  properly  may  appear 
to  flicker  because  of  a subharmonic  variation  in  luminance 
at  the  powerline  frequency  imposed  on  the  basic  lumi- 
nance variation  at  twice  the  powerline  frequency.  This 
occurs  along  the  whole  length  of  some  fluorescent  lamps, 
perhaps  because  tho  lamp  is  acting  like  a rectifier,  and  at 
the  ends  of  most  (Ref.  69). 

In  (a),  luminance  variation  over  time  is  shown  for  a lamp 
with  an  8.5-percent  subharmonic  (Ref.  77).  Part  (b), 
which  is  based  on  a 50-Hz  powerline  frequency  such  as  is 
used  in  Great  Britain,  shows  the  impact  of  a 50-Hz  sub- 
harmonic at  three  luminance  levels  (Kef.  70,0.  The  test 
field  in  this  experiment  essentially  filled  the  subject's 
visual  field.  The  subharmonic  component  that  was  just 
perceptible  dropped  sharply  with  luminance,  reaching  a 
value  of  2.2  percent  at  135  cd/m^  (40  fL).  Data  for  three 
subjects  are  shown  here. 

evaluation  of  the  contribution  of  the  subharmonic  varia- 
tion in  luminance  to  the  perception  of  flicker  in  this 
experiment  is  seriously  hindered  by  the  absence  of  good 
comparison  data  on  CFF  under  similar  viewing  conditions 
but  with  no  subharmonic  present.  The  best  available  data 
are  measurements  made  by  these  authors  (Ref.  70)  on 
different  subjects  with  a luminance  of  17  cd/m2  (5  fL), 
which  yielded  a CFF  of  70  Hz.  They  also  extrapolated 
from  other  data  to  obtain  an  estimated  CFF  at  170  cd/m2 
(50  f L)  of  85  to  90  Hz. 
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SECTION  3.2  ILLUMINATION 


3.2.11  SPATIAL  VARIATION 

The  several  kinds  of  spatial  variation  that  the  designer 
should  consider  in  choosing  the  luminous  energy 
required  to  illuminate  imagery  are  summarized  below. 


3.2.11.1  SIZE  OF  THE  AREA  ILLUMINATED 

RECOMMENDATION; 

When  a small  exit  pupil  display  device  is  used  with  a large  luminous  surface  intended  for  direct  viewing  of 
the  imagery,  as  with  a typical  microscope/light  table  combination,  provide  a separate  high-intensity  light 
source  for  the  small  exit  pupil  display. 


Imagery  displays  that  utilize  a microscope  for  viewh.gat 
high  magnification,  in  combination  with  a light  table  for 
viewing  the  imagery  unaided  or  with  a tube  magnifier, 
impose  two  very  different  luminance  requirements. 
When  viewing  the  imagery  without  the  microscope, 
image  luminance  is  simply  the  '.ight  table  luminance 
times  the  imagery  transmission.  If  a tube  magnifier  is 
used,  its  transmission  must  also  be  included,  but  it  is 
usually  sufficiently  close  to  unity  that  it  can  be  ignored. 

When  the  imagery  is  viewed  with  the  m'croscope,  the 
image  luminance  is  reduced  by  two  factors.  The  first  is 
conveniently  expressed  as  the  ratio  of  the  eye  pupil  area 
for  unaided  viewing  to  the  microscope  exit  pupil  area 
(Figure  3.2-19).  The  second  is  the  transmission  of  the 
microscope,  which  may  be  quite  low  if  the  design  is 
complex.  In  a typical  situation  the  microscope  might 
have  an  exit  pupil  diameter  of  1 mm  while  the  eye  pupil 
diameter  under  the  particular  illumination  conditions 
might  be  3 mm,  yielding  a reduction  in  image  luminance 
by  a factor  of  9.  Assuming  a fairly  complicated 
microscope  containing  an  optical  switch  or  two,  trans- 
mission might  be  only  50  percent,  making  the  image 
luminance  in  the  microscope  only  1/18  the  image 
luminance  for  direct  viewing. 

In  addition  to  causing  an  undesirably  large  difference  in 
luminance  as  the  user  moves  from  microscope  to  light 
table  (Section  3.2.12),  this  means  that  the  entire  light 
table  surface  must  provide  18  times  the  amount  of  light 
required  for  direct  viewing.  A much  better  approach  is 
to  provide  an  intense  small-area  source  that  is  kept 
positioned  in  the  microscope  object  field. 

One  way  to  reduce  display  cost  and  power  consumption 
is  to  illuminate  only  a portion  of  the  standard  I-meter 


length  (40  in)  commonly  provided  on  present  light 
tables.  This  may  be  reasonable,  since  observation  sug- 
gests that  most  interpreters  seldom  use  more  than  a third 
to  a half  of  the  presently  available  length  for  viewing 
imagery.  An  alternative  approach  that  does  not  reduce 
the  options  available  to  the  display  user  is  to  provide  a 
separate  high-intensity  source  for  the  microscope  dis- 
play, as  is  suggested  above.  This  will  reduce  the 
luminance  required  across  the  light  table  surface,  making 
it  less  expensive  to  procure  and  maintain.  Addition  of  a 
means  of  turning  on  separate  portions  of  the  surface 
i.idependently  will  also  reduce  power  consumption  and 
glare  problems. 

In  most  displays  the  imagery  is  illuminated  by  a source 
that  extends  well  beyond  the  edge  of  the  display  field. 
At  least  part  of  the  light  from  outside  the  field  that 
reaches  the  display  objective  lens  is  scattered  across  the 
image,  reducing  its  contrast.  Unless  it  can  be  demon- 
strated that  this  effect  is  not  significant  for  a particular 
display,  then  it  should  incorporate  some  means  by  which 
the  user  can  limit  the  illuminated  area  to  the  display 
field,  or  shield  the  objective  lens. 

In  some  situations  it  is  also  possible  to  obtain  a large 
improvement  in  the  transfer  of  contrast  from  imagery  to 
image  by  reducing  the  area  on  the  imagery  that  is 
illuminated  to  a small  portion  of  the  display  field  (Ref. 
78).  This  improvement  was  probably  due  to  the  reduc- 
tion in  scattered  light,  although  coherence  effects  may 
also  have  occurred.  While  this  reduction  in  field  size  is 
not  appropriate  for  most  viewing  situations,  it  may  be 
useful  when  studying  especially  Important  details. 
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SECTION  3.2  ILLUMINATION 


3.2.11.2  UNIFORMITY 


RECOMMENDATIONS: 

Limit  variation  in  luminance  across  the  effective  display  image  field  and  across  the  normally  used  portions 
of  a light  table  to  50  percent.  (The  luminance  recommendations  of  Section  3.2.6  also  apply  to  all 
frequently  used  display  areas.) 

Limit  variation  in  luminance  across  small  portions  of  the  display  surface,  such  as  the  width  of  a single 
lamp  in  a grid  of  lamps,  to  10  percent. 


Variation  in  luminance  across  the  display  can  be 
distracting  to  the  user  and,  if  extreme,  will  reduce  the 
usefulness  of  part  of  the  display.  Limitations  on  the 
luminance  fall  off  from  the  center  to  the  edge  of  a 
display  of  50  to  67  percent  have  been  proposed  (Ref. 
79). 

There  is  no  known  test  data  to  establish  the  validity  of 
these  or  any  other  specific  limit.  Even  the  amount  of 
variation  that  can  be  detected  is  not  known,  one  study 
obtained  a value  of  2 percent  over  a 4-degree  test  field 
(Ref.  80)  and  another  obtained  a value  of  10  percent 
independent  of  field  size  over  the  I-  to  5-degree-field 
size  range  tested  (Ref.  81).  The  application  of  these 


values  to  a display  image  field  subtending  40  to  60 
degrees  or  to  a im  (40-in)  long  light  table  is  not  obvious. 
They  may  have  more  relevance  to  the  problem  of  setting 
limits  on  luminance  variations  over  a small  portion  of  a 
display  surface.  For  example,  they  imply  that  a grid  of 
fluorescent  lamps  used  to  illuminate  the  surface  of  a 
li^t  table  should  be  spaced  and  diffused  so  that  the 
luminance  variation  does  not  exceed  about  10  percent. 

In  the  absence  of  any  test  data,  a maximum  variation  in 
luminance  across  a display  field  of  50  percent  is 
suggested.  This  applies  only  to  the  portion  of  the  field 
over  which  image  quality  is  'iseful,  which  does  not 
always  include  the  entire  display  field. 
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SECTION  3.2  ILLUMINATION 


3.2.11.3  DIVERGENCE  AND  COHERENCE 

The  divergence  of  the  light  rays  from  a single  point  on 
the  imagery  can  be  specified  in  terms  of  numerical 
aperture  (NA),  defined  just  as  for  the  case  of  an  entrance 
aperture  (Figure  3.2-18).  The  divergence  of  two  typical 
illumination  sources  is  illustrated  below.  The  theoretical 
impact  of  the  ratio  of  illumination  source  to  display 
numerical  apertures  on  microscope  resultion  has  been 
developed  (Ref.  82).  Measurements  on  two  standard 
imagery  displays,  the  Dausch  and  Lomb  Zoom  70  and 
the  Wild  MS  microscopes,  yielded  some  but  not  all  of 
the  predicted  effects,  and  it  is  not  clear  whether  all  the 
observed  effects  were  due  to  the  ratio  of  the  numerical 
apertures  or  perhaps  to  reduction  in  scattered  light 


througl)  the  reduction  in  the  portion  of  the  display  field 
being  illuminated  (Ref.  81 ). 

Coherent  illumination  used  in  a properly  designed 
display  should  increase  the  contrast  transfer  at  low 
spatial  frequencies  at  the  expense  of  the  higher  fre- 
quencies (Ref.  84).  However,  the  diffraction  pattern 
visible  around  sharp  edges  and  the  grain  in  the  imagery, 
sometimes  called  “ringing,”  seriously  reduces  the  accept- 
ance of  such  displays  by  the  users.  Viewers  have  been 
designed  to  eliminate  this  problem  (Ref.  85),  but  it  is 
not  known  if  they  were  successful. 


Figure  3.2-52.  Divergence  for  Typical  Sources.  The 
upper  portion  of  this  figure  illustrates  the  relative  inten- 
sity of  the  light  leaving  a single  point  on  the  surface  of  a 
typical  modern  light  tab'e  (Ref.  86).  The  light  was  from  a 
close-packed  grid  of  tubular  gaseous  discharge  lamps,  dif- 
fused by  a sheet  of  translucent  plastic. 

The  lower  portion  illustrates  similar  data  for  a high-inten- 
sity source  mounted  on  the  same  light  table.  The  light 
was  produced  by  an  incandescent  lamp  and  partially 
collimated  with  a lens,  after  which  it  passed  through  the 
same  translucent  diffuser  as  in  the  upper  example. 

The  scales  are  distorted  in  this  illustration,  the  peak 
intensity  of  the  lower  source  being  approximately  25 
times  that  of  the  upper. 
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SECTION  3.2  ILLUMINATION 


3.2.12  GLARE 


RECOMMENDATIONS; 

Eliminate  surfaces  with  a luminance  greater  than  twice  the  image  luminance  or  less  than  about  one-tenth 
the  image  luminance  from  the  display  user's  visual  field. 

Eliminate  snriall  intense  sources  that  might  cause  glare. 

Prevent  images  of  room  lights  from  appearing  on  imagery  and  screen  surfaces. 

Evaluate  the  use  of  small,  semitransparent  apertures  as  an  aid  in  viewing  dark  areas  surrounded  by  light 
areas  such  as  clouds  or  snow. 

Be  particularly  careful  to  eliminate  glare  sources  in  displays  used  by  older  individuals. 


The  ability  of  the  display  user  to  see  details  in  imagery 
will  be  reduced  by  glare  and  by  veiling  luminance.  As 
used  here,  veiling  luminance  is  light  scattered  across  the 
image  that  causes  a reduction  in  image  contrast,  while 
glare  is  any  ligiit  or  absence  of  liglit  that  reduces  the 
ability  of  the  display  user  to  resolve  details  present  in 
the  displayed  image.  Glare,  while  it  may  reduce  the 
contrast  of  the  retinal  image,  has  no  effect  on  the 
contrast  of  the  image  in  the  display  (Ref.  87).  Glare  is 
covered  in  this  section,  and  veiling  luminance  in  the  next 
(3.2.13). 

Tltere  are  several  common  sources  of  glare  in  an  imagery 
display; 

• Uncovered  portions  of  the  liglit  table  surface  within 
the  user’s  visual  field  as  the  imagery  is  viewed  directly 
or  with  a tube  magnifier  or  microscope 

• The  higher  luminance  of  imagery  on  the  light  table 
surface,  which  is  seen  peripherally  as  a much  lower 
luminance  image,  is  viewed  centrally  in  a display  such 
as  a microscope  that  has  low  transmission  or  small 
exit  pupils.  (See  Sections  3.2.3  and  3.2.4  for  a 
discussion  of  how  display  image  luminance  is  reduced 
in  proportion  to  display  exit  pupil  size;  this  might 
occur,  for  example,  when  a microscope  is  used 
without  eyecups  on  a large  light  table.) 

• Images  of  room  lights  or  other  highly  luminous 
surfaces  reflected  from  the  surface  of  the  imagery 

• Low  density  areas  such  as  clouds  or  snow  surrounding 
a dark  target  area  on  the  iniagery,  or  a dark  area 
containing  small  low  density  areas 

The  first  three  sources  of  glare  can  be  eliminated  by 
properly  locating  and  shielding  potential  glare  sources. 


Light  tables  should  be  designed  so  that  any  luminous 
area  not  covered  by  a particular  imagery  format  can  be 
shielded.  In  the  absence  of  this  feature,  cardboard  and 
masking  tape  will  continue  to  make  a significant 
contribution  to  the  display  user's  work  environment. 
Potential  trouble  from  room  lighting  can  be  evaluated  by 
treating  the  imagery  on  the  light  table  or  the  surface  of  a 
projection  screen  as  if  it  is  a mirror  and  considering 
whether  it  will  provide  the  user  with  an  image  of  any 
room  liglits  or  other  high-iuminance  surfaces.  Methods 
of  shielding  room  lights  are  given  in  Section  7.3. 

A shield  close  to  the  eyepiece  of  a microscope-type 
display  is  usually  essential  to  eliminating  glare,  particu- 
larly if  any  of  the  luminous  surface  supporting  the 
imagery  is  visible  from  this  area.  Many  styles  of  eyecups 
and  eyeshields  have  been  built,  and  none  seems  to  satisfy 
everyone,  particularly  spectacle  users.  The  best  solution, 
in  addition  to  minimizing  the  luminous  surface  area 
visible  from  the  user’s  eye  position,  is  to  provide  as 
many  different  designs  as  possible  and  let  each  user 
choose  the  one  that  works  best  for  him. 

The  fourth  source  of  glari  being  inherent  in  the 
imagery,  can  only  be  corrected  by  manipulating  the 
imagery  area  displayed  to  the  user.  One  approach,  if  the 
imagery  is  accessible,  is  a thin  plastic  or  metal  sheet 
containing  a series  of  different  sized  apertures.  By 
placing  this  on  the  imagery  with  an  appropriate  sized 
aperture  centered  on  the  area  of  interest,  light  from  the 
surrounding  area  can  be  reduced  or  eliminated.  An 
opaque  material  would  probably  be  easiest  to  fabricate, 
but  a semitransparent  material  would  eliminate  the 
reduction  in  vision  apparent  vhth  very  dark  surrounds  in 
Figures  3.2-53  and  -55  below.  A second  approach  is  to 
place  an  adjustable  aperture  in  the  illumination  system 
that  can  be  used  to  limit  the  area  on  the  imager;'  that  is 
illuminated. 
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3.2.12  GLARE  (CONTINUED) 

Two  kinds  of  display  formats  are  commonly  used  in 
glare  research.  One  involves  a target  seen  against  a very 
small  background  witn  a relatively  large  surround  that 
has  a luminance  much  different  than  the  background. 
This  research,  some  of  which  is  illustrated  below, 
indicates  that  for  backgrounds  subtending  only  a degree 
or  so,  raising  the  luminance  of  the  surround  above  that 
of  the  background  by  a factor  of  2 or  3,  or  redu  ing  it 
by  a factor  of  2 in  one  experiment  and  considerably 
more  in  others  makes  the  target  more  difficult  to 
resolve.  These  effects  are  smaller  for  larger  backgrounds 
and  for  smaller  surrounds. 

This  research  suggests  that  the  luminance  of  the  area 
suirounding  a small  important  detail  should  be  approxi- 
mately the  same  as  the  immediate  background  area  and, 
in  particular,  should  not  be  more  than  twice  nor  less 
than  one-tenth  the  background  value. 

The  reduction  in  vision  wheii  the  surround  luminance  is 
greater  than  the  background  luminance  can  be 
explained,  not  necessarily  correctly,  in  terms  of  li^it 
scattered  across  the  retinal  image  of  the  target.  Since  this 
explanation  does  not  apply  to  the  vision  loss  for  dark 
surrounds,  some  other  factor,  possibly  neural,  must  also 
be  operating. 

Tne  second  common  kind  of  glare  research  involves 
mea-suring  the  reduction  in  vision  that  results  from  one 
or  more  small,  intense  sources  in  the  visual  Held.  The 
impact  on  vision  in  this  case  depends  on  the  illuminance 
caused  by  the  glare  source  at  the  eye,  relative  to  the 
luminance  of  the  target,  and  on  the  angular  separation  of 
the  glare  source  and  the  target.  In  general,  glare  sources 
of  this  type  reduce  -the  visiblity  of  a target  more  as  (Ref. 
88): 

• Glare  source  luminance  increases, 

• Area  of  the  glare  source  increases, 

• The  distance  between  the  glare  source  and  the  target 
decreases,  and 

• The  target  becomes  more  difficult  to  see  because  of  a 
reduction  in  its  size  or  contrast. 


Much  of  the  recent  work  in  this  area  has  been  in  support 
of  the  Illuminating  Engineering  Society  (lES)  effort  to 
develop  better  lighting  recommendatiens.  Reviews  of 
this  and  earlier  work  are  available  (Ref.  89). 

Direct  quantitative  application  of  the  results  of  this  kind 
of  glare  research  is  very  difficult.  However,  to  the  extent 
possible,  all  such  glare  sources  should  be  eliminated  from 
the  dispir  ■ user’s  visual  field. 

A phenomenon  related  to  glare  is  the  reduction  in  visual 
ability  that  occurs  for  a brief  interval  following  a sudden 
change  in  image  luminance.  This  loss  is  obvious  in 
everyday  situations  such  as  driving  into  a dark  tunnel  on 
a sunny  day  or  exiting  from  a dark  theater  into  the 
afternoon  sun.  It  occurs  because  the  eyes  require  a finite 
amount  of  time  to  adapt  "■  the  new  luminance. 
Unfortunately  no  data  are  available  on  the  duration  of 
this  loss,  but  in  one  series  of  studies  in  which  measure- 
ments were  made  0.3  second  after  the  luminance  cha-'ge, 
contrast  threshold  after  the  luminance  was  doubled  was 
7 percent  worse,  and  after  it  was  cut  in  half  it  was  17 
percent  worse  (Ref.  90,B).  For  luminances  up  to  1,370 
cd/m^  (400  fL),  the  loss  was  relatively  independent  of 
the  initial  luminance  value. 

Without  additional  data  it  is  impossible  to  know  whether 
this  effect  lasts  long  enough  to  be  of  any  significance  to 
the  display  user.  If  it  does  persist  more  than  a second  or 
so,  it  should  be  considered  when  deciding  what  limits  to 
place  on  potential  glare  sources. 

Glare  becomes  more  troublesome  for  individuals  past  the 
age  of  40  (Ref.  91).  This  is  apparently  the  result  of 
changes  in  the  ocular  media  of  the  eye. 
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3.2.12  GLARE  (CONTINUED) 
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Figure  3.2-53.  Visibility  of  Landolt  Rings.  One  type  of 
gliire  experiment,  illustrated  here,  involves  a target  seen 
against  a small  background  (G)  contained  in  a relatively 
large  surround  (S).  For  small  backgrounds,  such  as  those 
used  in  the  two  studies  summarized  in  (b),  (c),  and  (d), 
vision  was  best  when  the  surround  luminance  was  equal  to 
or  slightly  less  than  the  background.  Performance  dropped 
sharply  when  the  surround  luminance  exceeded  the  back- 
ground by  a factor  of  only  2 or  3,  and  when  it  became 
very  dark. 


The  curves  in  (c)  show  two  effects.  First,  the  impact  of 
changing  thb  ratio  of  surround  to  background  luminance 
was  greater  for  a 120-degree  than  for  a 6-degree  surround. 
Second,  so  long  as  the  sutrcund  luminance  does  not  differ 
from  the  background  by  a factor  of  more  than  about  10, 
there  is  considerable  benefit  from  increasing  the  size  of 
the  surround.  Another  way  of  describing  this  second 
effect  is  to  note  that  whatever  the  experimenter  chooses 
to  call  the  surrouipd,  the  visual  system  apparently 
responds  to  an  area  larger  than  6 degrees.  (The  area  out- 
side the  surround  was  probably  dark,  but  it  is  not  possible 
to  be  certain  from  the  available  reports.) 
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3.2.12  GLARE  (CONTINUED) 


Figure  3.2*55.  Contrast  Threshold.  The  experiment  illus- 
trated here  was  very  similar  to  those  described  in  the  pre- 
vious figure,  except  that  the  target  and  background  were 
replaced  by  two  adjacent  rectangular  areas,  and  the 
smallest  detectable  luminance  difference  between  them 
was  measured.  The  results  were  similar  to  those  in  the 
previous  figure,  but  the  impact  of  a small  reduction  in 
background  luminance  was  considerably  larger. 


0 


Figure  3.2-54.  Visibility  of  Landolt  Rings.  The  effect  of 
surround  to  background  luminance  ratio  was  smaller  in 
this  experiment  than  in  those  described  in  Figures  3.2-53 
and  -55.  This  may  have  resulted  from  the  larger  back- 
ground used  here. 


The  effect  of  the  surround  was  essentially  the  same 
throughout  the  full  range  of  background  sizes,  5 to  45 
degrees;  the  authors  suggest  that  this  could  have  resulted 
from  an  artifact  in  the  experimental  design.  Because  of 
the  many  differences,  it  is  difficult  to  make  a direct  com- 
parison with  the  other  experiments. 
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3.2.13  VEILING  LUMINANCE 

RECOMMENDATIONS: 

Reduce  veiling  luminance  to  a minimum  with  antireflection  coatings  and  screens. 

Locate  optical  surfaces  so  that  there  is  a minimum  chance  of  fingerprints  and  dirt  that  would  cause  veiling 
luminance. 

Eliminate  potential  sources  of  veiling  luminance;  in  the  case  of  a microscope  used  to  view  film  on  a light 
table,  this  may  mean  restricting  the  region  of  intense  illumination  to  tho  area  viewed  by  the  objective  lens. 


As  is  discussed  in  Section  3.2,  the  term  veiling  luminance 
applies  to  any  light  that  is  spread  across  a significant 
portion  of  the  displayed  image  and  thereby  contributes 
to  a reduction  in  image  contrast.  Common  sources  of 
veiling  luminance  include  the  tollowing: 

• Reflections  from  optical  surfaces  and  support  struc- 
tures inside  the  display.  A significant  portion  of  this 
ligiit  may  originate  outside  the  object  field  of  the 
display,  particularly  if  the  illumination  source  is  only 
slightly  collimated  (Section  3.2.3). 

• Defects  on  the  optical  surfaces,  such  as  fingerprints, 
that  scatter  light 

• Reflections  from  the  several  surfaces  of  a screen 
display.  (Specular  reflections  that  fall  to  one  side  of 
the  area  the  uset  is  studying,  rather  than  directly  on 
it,  are  glare,  not  veiling  luminance,  and  are  treated  in 
Section  3.2.1 2.) 

• Light  that  illuminates  the  surface  of  the  display  user’s 
eve  and  surrounding  facia!  area  and  travels  from  there 
to  the  surface  of  the  eyepiece,  where  it  is  reflected 
back  into  his  eye..  The  most  common  source  for  this 
light  is  inadequately  shielded  light  tabic  surfaces. 

Veiling  luminance  is  not  necessarily  uniform,  and  may  in 
fact  appear  as  a ghost  image  of  an  intense  source.  A 
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simple  example  not  involving  a display  is  the  image  of  a 
ceiling  luminance  reflected  from  the  surface  of  directly 
viewed  film,  as  in  Figure  7.2-5.  If  such  an  image  appears 
to  one  side  of  the  area  being  viewed,  it  does  not  reduce 
image  contrast  and  its  primary  impact  is  as  a source  of 
glare.  The  topic  of  glare  is  covered  in  Section  3.2.12. 

The  importance  of  keeping  optical  surfaces  clean  in 
order  to  obtain  maximum  image  contrast  is  illustrated  in 
Figure  3.2-55  below. 

Many  specular  reflections  from  display  screens  can  be 
leduced  or  eliminated  by  properly  orienting  the  screen 
relative  to  the  user  and  the  offending  iiglit  sources. 
Placement  of  the  screen  perpendicular  to  the  user’s  li.ne 
of  sight  should  be  avoided  because  it  can  reflect  an 
image  of  his  face.  Specular  reflections  can  also  be 
significantly  reduced  by  the  use  of  antireflection  coat- 
ings and  polarizing  screens  (Ref.  96). 

The  illuminance  incident  on  a rear  projection  or  cathode 
ray  tube  (CRT)  screen  is  reflected  diffusely  at  the  back 
surface,  where  it  strikes  the  material  that  spread.s  the 
image-forming  light  if  it  is  a rear  projection  screen  or 
the  phosphor  if  it  is  a CRT.  The  amount  of  diffusely 
reflected  light  that  reaches  the  eye  can  be  reduced  by 
use  of  a low  transmission  layer  in  the  screen.  This 
reduces  the  ratio  of  veiling  luminance  to  image  lumi- 
nance because  the  former  niUit  pass  through  twice  while 
the  latter  goes  through  only  once. 


Figure  3.2-55.  Reduction  c*  Image  Contrast  by  a Thumb- 
print. Foreign  material  sudi  as  a fingerprint  can  seriously 
reduce  image  contrast.  The  test  object  in  this  study  con- 
sisted of  an  opaque  disc  one-tenti,  the  diameter  of  the  dis- 
play field,  surrounded  by  an  evenly  luminous  area  that 
extended  well  beyopd  the  display  field  (Ref.  97, D).  The 
condenser  was  set  to  full  aperture.  Contrast  was  measured 
photometrically. 
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SECTION  3.3  ANALYSIS  OF  DISPLAY  PARAMETERS 


This  section  is  addresse  J to  two  basic  questions  facing 
the  display  designer. 

• Wliat  display  image  quality  is  required? 

• What  magnification  is  required? 

Some  of  the  many  analytical  approaches  that  have  been 
used  in  attempting  to  determine  display  image  quality 
and  magnification  requirements  are  summarized  below. 
So  long  as  one  starts  with  reasonably  good  information 
about  the  imagery  being  viewed,  then  these  techniques 
provide  considerable  insight  into  the  relative  importance 
of  different  display  parameters.  However,  the  validity  of 
the  answers  obtained  is  severely  limited  by  the  absence 
of  established  techniques  for  including  the  reduction  in 
vision  caused  by  the  grain  in  the  imagery.  Tire  available 
information  on  this  topic  is  discussed  in  Section  3.3.S. 

The  display  quality  should  not  significantly  reduce  the 
information  the  user  can  extract  from  the  imagery.  The 
meaning  of  “significant"  depends  both  on  the  impor- 
tance of  the  information  and  the  ease  with  which  better 
quality,  larger  scale  coverage  of  the  same  target* area  can 
be  obtained. 

Display  image  quality  requirements  interact  with  display 
magnification.  Increasing  the  display  magnification 
makes  smaller  details  visible,  at  least  up  to  the  limits  set 
by  factors  such  as  diffraction  (Section  3.3.2)  and  by 
modulation  transfer  losses  in  the  display  (Section  3.3.3). 
At  the  same  time,  increasing  magnification  interferes 
with  use  of  the  display  by  reducing  both  the  depth  of 
focus  and  the  imagery  area  visible  within  the  display 
field. 

The  minimum  magnification  that  must  be  provided  is 
affected  by  many  of  the  same  factors  that  influence 
minimum  display  field  size  (introduction  to  Section 
3.6).  That  is,  the  display  user  needs  to  view  some 


minimum  imagery  area  within  a single  field  of  view.  This 
area  is  usually  much  smaller  if  unaided  viewing  of  ,'he 
imagery  is  possible,  as  on  a typical  microscope/light 
table  combination,  than  if  it  is  not,  as  on  a rear  screen 
projector.  This  is  discussed  further  in  Section  3.3.1 . 

r 

At  the  other  extreme,  the  maximum  magnification 
should  be  high  enough  to  not  impose  any  limit  on  the 
smallest  or  lowest  contrast  details  the  user  can  see  in  the 
imagery.  Approaches  to  establishing  maximum  useful 
magnification  are  discussed  in  Sections  3.3.2  and  3.3.3. 

It  is  assumed  in  this  section  that  the  quantity  of  light 
reaching  the  retina  is  adequate  to  achieve  maximum 
visual  performance.  If  not,  then  evaluation  of  parameters 
that  can  change  retinal  illuminance,  such  as  display  exit 
pupil  size,  must  include  possible  reduction  in  visual 
ability  from  low  light  level  (Section  3.2.7). 

It  is  likely  that  many  users  of  modem  high-quality 
binocular  imagery  displays  suffer  less  from  inadequate 
image  quality  than  from  poor  registration  between  the 
images  presented  to  the  two  eyes.  (Registration  require- 
ments are  discussed  in  Sections  3.7.4  and  3.7.5 ) 
Designing  to  achieve  adequate  registration  between  the 
two  images  when  the  display  exit  pupils  allow  significant 
head  movement  is  often  made  more  difficult  because  the 
registration  varies  with  eye  position.  Techniques  such  as 
the  computer  program  developed  by  Freeman  at  PUking- 
ton  Perkin-Elmer  Ltd.  to  calculate  and  display  the  distribu- 
tion of  aberrations  and  misregistration  across  the  image 
field  should  make  it  easier  to  meet  design  goals  in  this 
area  (Ref.  1). 

The  ideas  in  Sections  3.3.2  and  3.2.3  are  developed 
much  more  thoroughly  in  a number  of  other  sources 
(Ref.  2). 
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SECTION  3.3  ANALYSIS  OF  DISPLAY  PARAMETERS 


( ) 


3.3.1  MAGNIFICATION  UNITS  AND  REQUIREMENTS 

Tliis  section  defines  magnification  (Figure  3. 31)  and 
considers  the  minimum  range  and  methods  cf  adjusting 
magnification.  Analytical  approaches  used  to  determine 
the  maximum  useful  magnification  are  given  in  Sections 

3.3.2  and  3.3.3.  These  techniques  are  helpful  in  that 
they  provide  some  insigltt  into  how  magnification 
interacts  with  other  display  parameters.  However, 
because  they  have  not  yet  been  applied  to  the  viewing  of 
objects  containing  grain,  they  do  not  at  present  provide 
an  adequate  basis  for  selecting  a specific  value  when 
grain  is  a significant  factor  in  limiting  the  quality  of  the 
imagery.  -1 

One  common  approach  to  estimating  the  display  magnif- 
ication '.equired  is  based  on  knowledge  of  the  resolution 
capability  of  the  display  in  terms  of  resolvable  cycles  per 
millimeter  per  magnifying  power.  For  example,  if  the 
resolution  of  the  imagery  is  50  cycles  per  millimeter  and 
the  display  is  capable  of  resolving  5 cycles  per  ntillimeter 
per  magnifying  power,  then  a display  magnifying  power, 
or  magnification,  of  50/5  = lOX  is  required.  Althougli 
useful  for  some  purpe  ses,  this  approach  does  not  treat  as 
many  of  the  variables  involved  as  do  techniques  such  as 
those  described  in  Section  3.3.3. 

Most  imagery  displays  incorporate  a range  of  magnifica- 
tion. There  are  basically  two  options  for  the  mechanism 
that  changes  magnification.  A zoom  system  provides 
infinitely  adjustable  control,  while  discrete  lenses,  usu- 
ally mounted  in  a rotary  turret,  allow  stepwise  changes. 
The  zoom  system  is  generally  preferred  by  users, 
probably  for  its  convenience  and  because  it  allows 
magnification  to  be  changed  without  blocking  sight  of 


the  image.  For  stereo  viewing  (Section  5.1),  zoom 
permits  magnifying  the  two  members  of  the  stereo  pair 
differently  to  compensate  for  scale  differences.  For 
monocular  viewing,  there  are  no  experimental  data  to 
support  either  approach  overlhe  other.  The  only  known 
test  required  interpreters  to  use  either  a zoom  or  a 
discrete  magnification  display  to  search  two  kinds  of 
imagery  for  targets  (Ref.  3,0.  Under  some  of  the  test 
conditions,  magnification  was  adjusted  slightly  more 
frequently  wiih  the  zoom  system,  and  it  resulted  in  a 
very  slightly  better  accuracy  score.  These  differences, 
however,  were  not  significantly  different  than  would  be 
expected  from  chance  variations  in  performance,  which 
led  the  authors  to  conclude  that  under  their  work 
conditions  there  was  notfung  to  be  gained  from  either 
system  relative  to  the  other. 

Minimum  display  magnification  is  determined  largely  by 
the  size  of  the  largest  area  that  must  be  visible  to  the 
user  at  one  time  and  by  the  display  field  si/e.  Because 
the  need  to  view  an  imagery  area  of  a particular  size  is  so 
task  dependent,  there  is  no  general  analytical  solution.  A 
few  of  the  variables  involved  are  treated  in  Section  3.5. 
In  most  cases,  however,  the  designer  must  depend 
heavily  on  statements  by  potential  users  regarding  what 
they  want  and  what  is  currently  satisfactory.  In  most 
cases,  the  minimum  display  magnification  required  will 
be  lower  if  the  interpreter  can  only  view  the  imagery  ip 
the  display  than  if  he  can  view  it  unaided  in  order  to 
read  edge  labeling  and  to  obtain  a general  impression  of 
content  and  quality. 


o 
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SECTION  3.3  ANALYSIS  OF  DISPLAY  PARAMETERS 


3.3.1  MAGNIFICATION  (CONTINUED! 


Figure  3.3-1 : Magnification  and  Magnifying  Power.  In 
order  to  analyze  an  imagery  display,  it  is  sometimes  neces- 
sary to  distinguish  betwee.'i  magnification  and  magnifying 
power.  These  are  defined  as  follows; 

• Magnijhaiion  is  the  ratio  of  image  to  object  size,  with 
size  expressed  either  as  linear  extent  or  as  the  tangent 
of  angular  subtense. 

• Magnifying  power  is  the  ratio  of  the  retinal  image  size 
of  an  object  in  a partlcul.ir  viewing  situation  to  its 
retinal  image  size  when  it  is  located  at  a standard,  or 
"reference"  distance  from  the  eye.  Although  the  refer- 
ence distance  is  arbitrary,  a value  tr' .it  correspronds  to  a 
nominal  near  point  for  visual  work,  250  mm  (10  in),  is 
nearly  always  used  (Ref.  4). 

Part  (a)  shows  a typical  aerial  image  displav.  So  long  as 
the  manufacturer  used  the  standard  reference  distance  of 
250  mm  (10  in),  the  magnifying  power  for  this  type  of 
display  is  the  same  as  the  magnification  engraved  on  the 
display  and  the  two  terms  can  be  used  interchangeably.  As 
the  equations  illustrate,  magnification  is  the  ratio  of  image 
to  object  size, tan  a ^ /tan  a q.  It  is  also  the  ratio  of 
the  length  jf  an  imaginary  image,  hj,  located  250  mm  (10 
in)  from  the  eye  and  defined  by  the  central  ray  entering 
the  eye,  to  the  length  of  the  object,  hQ. 


Part  (b)  shows  a typical  acreen  display.  For  a screen  dis- 
play, the  magnification  is  usually  given  as  the  ratio  of 
object  to  screen  image  length,  h2/hQ.  Retinal  image  size, 
and  therefore  magnifying  power  also,  vary  with  distance 
from  the  screen.  The  magnifying  power  due  just  to  view- 
ing distance  in  this  example  is  250/375, ' ■ 0.67.  The  mag- 
nifying power  for  the  display,  as  viewed  from  375  mm,  is 
tan  a j/tan  a q or  (250/375)  (h2/hQ),  or  0.67  M. 

Part  (c)  shows  how  magnifying  power  varies  with  viewing 
distance  for  unaided  viewing.  If  the  object  being  viewed  is 
closer  than  250  mn  (10  in),  the  magnifying  power  is 
greater  than  urjit/,  while  if  the  distance  is  further  than 
250  mm,  it  is  less.  A young  individual  who  can  accom- 
modate an  object  at  a distance  of  125  mm  (5  ini  is  there- 
fore effectively  using  a magnifying  power  of  2X.  A mag- 
nifier will  theref  .,e  provide  him  with  only  half  as  much 
increase  in  retinal  image  size  as  it  will  for  an  individual 
who  must  view  the  object  unaided  at  a distance  of  250 
mm  (10  in). 

Note  that  in  this  figure  the  ratio  of  the  tangents  of  two 
angles  is  approximately  the  ratio  of  the  two  angles,  so 
long  as  the  angles  are  small. 
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3.3.2  DIFFRACTION  LIMIT  TO  USEFUL  MAGNIFICATION 


A useful  starting  puin':  for  an  analysis  of  an  optical 
display  is  to  assume  that  everything  will  go  the  way  it 
sliuuid  and  the  display  will  perform  as  well  as  the  l?'v$  of 
physics  allow.  If  this  happens,  the  performance  limita- 
tions are  set  by  diffraction  and  the  display  is  said  to  be 
diffraction  limited.  In  a diffraction-limited  display, 
knowledge  of  the  si/e  of  the  limiting  aperture  allows  one 
to  calculate  the  distribution  in  the  image  plane  of  the 
light  from  a single  point  in  the  object  plane. 

The  next  four  figures  develop  the  concept  of  a diffrac- 
tion-limited display  system  and  the  following  two  relate 
this  concept  to  what  the  user  can  see  in  the  display,  in 
general,  the  discussion  assumes  that  the  basic  limit  o.. 
the  display  is  the  maximum  numerical  aperture  that  can 
be  obtained.  As  with  most  imagers'  displays,  the  illumi- 
nation is  assumed  to  be  incoherent  and  relatively  diffuse. 
(See  Section  3.2.1 1.3.) 

One  of  the  applications  of  the  concepts  developed  in  this 
section  is  to  estimate  the  upper  limit  of  useful  magnifica- 
tion fur  a display.  As  the  figures  in  Section  3.1  illustrate, 
larger  image  features  can  be  seen  at  lower  contrast,  at 


least  up  to  the  point  where  a half  cycle  subtends  a visual 
angle  of  perhaps  20  arc  minutes.  Further  increase  in  si/e 
beyond  this  value  appears  to  decrease  visibility.  Increas- 
ing display  magnification  increases  the  size  of  details  in 
the  image,  but  so  long  as  the  numerical  aperture  (NA)  is 
fixed,  because  of  diffraction  it  also  increases  the  blur  in 
the  image.  Wlien  the  blur  be'^omes  too  large,  the 
usefulness  of  further  increases  in  magnification  is 
negated  by  the  parallel  increase  in  blur.  This  magnifica- 
tion i referred  to  as  empty  magnification.  Typically  any 
value  in  excess  of  I, (XX)  NA  is  called  empty  magnifica- 
tion (Ref.  5).  In  a more  geneial  sense,  any  increase  in 
di.splay  magnification  that  does  not  result  in  an  increase 
in  what  the  user  can  see  in  the  imagery  can  he  said  to  be 
empty  magnification. 

In  some  ways  the  prevalence  of  the  empty  magnification 
concept  is  unfortunate.  Because  it  is  generally  based  on 
vision  ikSt  data  obtained  <Vith  simple  high-contrast 
targets,  it  does  not  necessarily  describe  performance  for 
complex  scenes.  Also,  it  does  not  provide  a means  for 
handling  the  effect  of  optical  defects  in  the  display,  such 
as  aberrations  and  scattered  light.  Finally,  it  does  not 
include  the  impact  o.**  film  grain. 

In  order  to  understand  the  limit  imposed  by  diffraction 
on  optical  display  performance,  it  is  essential  to  know 
the  relationships  among  three  display  parameters, 
numerical  aperture,  magnification,  and  exit  pupil  si/e. 
TTiese  are  summarized  in  Figure  3.3-2. 


Figure  3.3-2;  Numerical  Aperture.  The  angular  size  of 
the  bundle  of  light  rays  that  is  accepted  by  the  display 
objective  lens  is  generally  expressed  as  either  the  nume.'i- 
cal  aperture  (NA),  or  the  effective /number,  defined  as 
illustrated  here.  Numerical  aperture,  exit  pupil  size,  and 
display  magnification  are  related  by  the  equations  shown 
(Ref.  2).  These  relationships  are  basic  to  an  understand- 
ing of  how  diffraction  limits  display  performance. 

NOTE:  The  effective  / number  is  equal  to  the / number 
only  for  the  special  case  where  the  object  is  in  the  focal 
plane  of  the  objective  lens  (Ref.  7). 
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3.3.2  DIFFRACTION  LIMIT  TO  USEFUL  MAGNIFICATION  (CONTINUED) 


MAGNIFICATION,  M 


Figure  3.3-3:  Relationship  of  Display  Parameters.  The 
relationship  of  display  numeric.  I aperture,  magnifica- 
tion, and  exit  pupil  size  is  illustrated  here.  Values  for 
several  microscopes  typically  used  to  view  imagery  which 
have  continuously  variable  magnification  (zoom)  systems. 


and  for  microscopes  typically  used  for  laboratory  work 
are  included  for  comparison  (Ref.  8).  Note  that  both 
types  of  microscopes  tend  to  maintain  exit  pupil 
size  by  increasing  numerical  aperture  as  magnification 
is  increased. 
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3.3.2  DIFFRACTION  LIMIT  TO  USEFUL  MAGNIFICATION  (CONTINUED) 
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a • AIRY  DISC  DIAMETER 

X - WAVELENGTH  OF  LIGHT 
lvalue  uud  here  It  550  mh) 

p - DIAMETER  OF  LIMITING  PUPIL 

(in  ditplay  or  eye,  depending  on 
which  it  smaller) 

NA  • Numerical  Aperture 

M • Magnification 


RAYLEIGH  CRITERION 


Figur*  3.3-4:  Diffraction  and  the  Airy  Disc.  Ideally, 
the  light  from  a single  point  in  the  object  plane  would 
fall  on  a single  point  in  the  image.  However,  even  if  the 
display  is  optically  perfect,  diffraction  will  cause  the 
light  to  be  spread  over  a finite  area  in  the  image.  This 
area  is  known  as  the  Ai  y disc. 

The  luminance  distribution  in  the  Airy  disc  for  a bright 
point  is  illustrated  here  (Ref.  9).  Most  of  the  light  falls 
in  the  central  area,  which  is  surrounded  by  a series  of 
concentric  dark  and  light  rings.  Only  the  first  light  ring 
is  shown.  Regardless  of  how  well  the  display  is  made, 
the  size  of  the  Airy  disc  sets  a limit  to  how  precisely  the 
imagery  is  reproduced  on  the  retina  of  the  display  user's 
eye. 

The  size  of  the  Airy  disc  is  conventionally  defined  as 
either  the  diameter  or  the  radius  measured  to  the  center 
of  the  f rst  dark  ring.  The  diameter  is  used  in  this 
document. 

The  equations  that  relate  the  diameter  of  the  Airy  disc 
in  image  and  object  space  to  the  magnification,  numeri- 
cal aperture,  and  exit  pupil  diameter  of  a microscope- 
type  display  using  incoherent  illumination  are  included 
in  the  figure.  If  the  display  pupil  happens  to  be  larger 
than  the  eye  pupil  at  the  particular  image  luminance 
condition  in  use,  then  the  eye  pupil  is  the  limiting 
aperture  and  determines  the  size  of  the  Airy  disc. 


Figure  3.3-5:  The  Rayleigh  Criterion.  The  luminance 
distribution  in  the  image  produced  by  a diffraction- 
limited  display  depends  on  the  luminance  distribution  in 
the  Airy  disc  corresponding  to  each  point  in  the  object 
plane  of  the  display.  The  luminance  distributions  for  two 
adjacent  luminous  points  separated  by  the  radius  of  the 
Airy  disc,  a/2,  are  illustrated  here.  This  particular  separa- 
tion is  known  as  the  Rayleigh  criterion. 

Two  points  or  lines  can  be  resolved  as  two  rather  than  as 
one  if  the  image  luminance  somewhere  between  them 
drops  sufficiently  below  the  maximum  image  luminance 
of  each.  For  many  viewing  situations,  though  not  for  all, 
they  will  be  resolvable  as  two  at  a spacing  slightly  smaller 
than  the  Rayleigh  criterion  (Ref.  12). 
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Figure  3.3-6;  Relation  of  Visual  Performance  to  the  Ray- 
leigh Criterion.  Ability  to  resolve  details  at  different  dis- 
play pupil  sizes  as  measured  in  five  different  experiments 
is  compared  here  with  the  Rayleigh  limit  (Ref.  13,X).  The 
vertical  a.xis  is  linear  for  visual  acuity , which  is  the  recipro- 
cal of  the  smallest  resolvable  visual  angle  in  arc  minutes. 
As  a result,  the  Rayleigh  limit  plots  as  a straight  line  in 
this  figure. 

Although  it  was  somewhat  conservative,  the  Rayleigh 
limit  generally  described  the  visual  performance  data 


adequately  up  to  a pupil  diameter  of  about  2 mm. 
Beyond  2 mm,  visual  performance  remained  relatively 
constant.  Because  of  this  relationship,  it  is  common  to 
treat  the  eye  as  if  It  is  diffraction  limited  for  pupil 
diameters  of  2 mm  or  less.  Although  theories  are  abun- 
dant, it  is  not  yet  certain  whether  the  eye  deviates  from 
the  diffraction  limit  beyond  2 mm  because  of  aberra- 
tions or  simply  because  of  limitations  in  retinal  sensitiv- 
ity (Ref.  10). 
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(b)  PRODUCT  OF  DISPLAY  MAGNIFICATION 

AND  NUMERICAL  APERTURE 
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Figure  3.3-7:  Variation  in  Visual  Performance  with  Dis- 
play Pupil  Size.  Visual  performance  as  a function  of 
display  pupil  size  is  illustrated  here  (Ref.  5,C).  These  data 
are  not  significantly  different  from  those  reported  in  Sec- 
tion 3.1.9  eycept  that  they  describe  detection  of  a single 
point,  rather  than  resolution  of  parallel  bars.  However, 
they  extend  down  to  a smaller  pupil  size,  and  the  fact  that 
they  can  be  fit  with  two  straight  lines  on  a log/log  olot 
makes  them  convenient  for  the  present  application.  The 
two  straight  lines,  though  a good  visual  fit  for  the 
reported  data,  are  most  likely  an  artifact  of  the  small 
amount  of  data  involved;  more  data  would  probably  yield 
a smooth  curve. 

The  display  was  a good  quality  telescope.  Numerical 
aperture  was  varied  by  different  sized  apertures 
placed  over  the  objective  lens.  Different  power  eye- 
pieces were  used  to  magnify  the  target  disc  and  the 
Airy  disc  associated  with  it.  The  pupil  size  range  was 
from  less  than  0.1  mm  to  over  8 mm.  The  subject's 
task  was  to  locate  an  opaque  disc  in  one  of  four  loca- 
ions.  Except  for  the  reversal  in  target  polarity,  the  task 
is  quite  similar  to  that  used  by  Blackwell  (Figures  3.1-16 
and  3.2-30). 

The  size  of  the  smallest  detectable  target  in  image  space 
decreased  rapidly  with  increasing  pupil  size  until  the  pupil 
diameter  reached  about  0.55  mm.  As  the  upper  scale  shows, 
this  corresponds  to  a magnification  of  900  NA. 


Figure  3.3-8:  Determination  of  Useful  Magnification. 

The  data  in  the  previous  figure  are  plotted  here  with  size 
expressed  in  terms  of  the  linear  distance  on  the  imagery 
(Ref.  14),  rather  than  as  a visual  angle  in  the  imat  o 
Numerical  aperture  is  assumed  to  be  fixed,  which  leans 
that  magnification  varies  inversely  with  pupil  size  and  the 
size  of  the  Airy  disc  on  the  imagery  is  constant  (Figure 
3.3-4).  Part  (a)  shows  the  general  case  for  any  numerical 
aperture,  while  (b)  shows  only  the  performance  data  for 
several  specific  values  of  numerical  aperture. 

As  the  test  data  show,  ability  to  detect  the  target 
increased  as  magnification  increased  up  to  900  NA  and  as 
the  pupil  diameter  decreased  to  0.55  mm.  At  this  point 
the  diameter  of  the  Airy  disc  was  approximately  15  times 
the  diameter  of  the  target  disc.  In  other  words,  the  target 
disc  was  very  blurred.  Increases  in  magnification  beyond 
this  value  did  not  improve  performance.  Whether  a mag- 
nification of  900  NA  would  actually  be  worth  using  in  a 
specific  situation  would  depend  on  a number  of  factors, 
including  whether  the  reduction  in  resolvable  target  size 
justified  the  reduction  in  area  covered  on  the  imagery. 

It  is  possible  to  interpret  the  visual  performance  data 
shown  here  in  terms  of  the  contrast  of  the  image  seen 
by  the  test  subject.  As  the  Airy  disc  increases  in  size 
relative  to  the  target  disc,  the  light  from  the  target  disc 
is  spread  over  a larger  area,  reducing  the  luminance  dif- 
ference between  the  center  of  the  target  image  and  its 
background.  For  example,  image  contrast,  C^,  for  a dark 
target  when  the  Airy  disc  is  15  times  the  size  of  the  target 
has  been  estimated  as  0.02  (Ref.  15). 
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3.3.3  MODULATION  TRANSFER 


The  modulation  transfer  factor  for  a display  is  the  ratio 
of  image  to  object  modulation  at  a particular  spatial 
frequency.  The  modulation  transfer  factor  measured 
over  the  useful  spatial  frequency  range  for  the  display  is 
the  modulation  transfer  function  (MTF)  for  the  display. 

The  term  modulation  applies  to  only  one  of  several  ways 
of  quantifying  contrast,  or  the  difference  in  luminance 
between  two  points  on  a surface.  Precise  usage  limits  the 
term  modulation  to  objects  having  a sinusoidal  lumi- 
nance distribution  in  one  dimension  (Ref.  16).  In  order 
to  avoid  imprecise  usage  and  to  make  the  terminology 
more  consistent  within  this  handbook,  the  term  “con- 
trast” is  generally  used.  Contrast  units  that  have  been 
calculated  with  the  equation  for  modulation  (shown  in 
Figure  3.1-10)  are  identified  as  “contrast,  C^.“ 

A complete  modulation  sensitivity  curve  for  the  eye  is 
sliown  in  Figure  3.1-19.  It  is  possible  to  estimate  the 
modulation  sensitivity  of  the  eye/display  combination 
by  multiplying  the  modulation  sensitivity  for  the 
unaided  eye  at  each  spatial  frequency  by  the  modulation 
transfer  factor  for  the  display  at  that  frequency.  There  is 
an  unresolved  controversy  about  the  validity  of  cascad- 
ing modulation  transfer  functions  in  this  manner.  In 
theory,  differences  in  the  coherence  of  the  image- 
forming light  at  various  points  in  its  passage  through  the 
display/eye  system  can  introduce  major  erron  (Ref.  17). 
In  the  only  known  study  that  included  measurement  of 
visual  performance  while  using  the  display,  the  predic- 
tions obtained  by  using  this  computational  procedure, 
plus  an  adjustment  for  stray  light  within  the  display, 
proved  to  be  very  good  (Ref.  18). 

The  goal  of  increasing  display  magnification  is  to  shift 
the  modulation  sensitivity  curve  of  the  eye  in  the  spatial 
frequency  domain  of  the  object  space  by  the  amount  of 
the  magnification.  That  is,  increasing  magnification  by 
SOX  should  enable  the  user  to  see  an  object  with  a 
particular  contrast  that  is  SO  times  smaller  in  size. 

However,  as  magnification  is  increased,  the  modulation 
transfer  factor  for  a given  spatial  frequency  (in  image 


space)  drops.  This  limits  the  useful  magnification  in  a 
manner  analogous  to  what  occurred  in  the  analysis  given 
in  Section  3.3.2.  The  figures  that  follow  illustrate  tliis 
effect  for  microscopes  typical  of  the  kind  normally  used 
for  viewing  imagery. 

The  modulation  transfer  of  an  imagery  display  is 
typically  measured  using  illumination  conditions  that 
differ  from  those  that  will  occur  when  the  display  is 
used  to  view  imagery.  As  a result,  the  reduction  of  image 
contrast  by  veiling  luminance  caused  by  stray  light  may 
be  underestimated  by  the  modulation  transfer  measure- 
ment (Section  3.2.12). 

Whether  there  is  a best  magnification  for  viewing  specific 
objects,  rather  than  just  an  upper  limit  on  useful 
magnification,  depends  on  why  the  minimum  in  the 
visual  contrast  sensitivity  curve  (Figure  3.1-19)  occurs. 
The  most  likely  interpretation  is  that  more  contrast  is 
required  for  an  object  to  be  visible  when  the  luminance 
gradient  across  the  edges  that  define  the  object  becomes 
less  than  the  gradient  equivalent  to  a spatial  frequency 
of  1 to  3 cycles  per  degree.  If  this  is  true,  then 
magnifying  an  object  beyond  this  point  should  make  it 
less  visible.  It  is  easy  to  demonstrate  that  excessive 
magnification  can  make  a very-Iow-contrast  object  in 
imagery  less  visible.  It  is  not  clear,  however,  whether  this 
occurs  because  the  eye  is  less  sensitive  to  the  larger 
image,  because  the  increase  in  display  magnification  has 
actually  reduced  the  contrast  of  the  object,  or  because 
the  increase  in  the  visibility  of  the  grain  has  obscured  the 
edge. 

The  alternative  interpretation  for  the  minimum  in  Figure 
3.1-19  is  simply  that  the  reduction  in  the  number  of  test 
target  cycles  at  lower  spatial  frequencies  reduced  the 
visibility  of  the  target.  If  this  interpretation  is  the 
correct  one,  then  excessive  magnification  of  a low- 
contrast  edge  should  not  reduce  its  visiblily.  The  data  in 
Sections  3.1.7  and  3.1.8  show  that  although  the  number 
of  cycles  present  in  a test  target  is  important,  other 
factors  are  also  involved. 
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Figure  3.3-9;  Sine-Wave  Modulation  Transfer  Functions  of  Typical  Imagery  Displays  (continued  on  following  page) 
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3.3.3  MODULATION  TRANSFER  (CONTINUED) 


Figure  3.3-9:  Sine-Wave  Modulation  Transfer  Functions 
of  Typical  Imagery  Displays.  This  figure  illustrates  mod- 
ulation transfer  functions  for  two  microscopes  frequently 
used  for  viewing  imagery,  the  Bausch  and  Lomb  Zoom 
240  and  the  Wild  M-5  (Ref.  19, B).  T1  ese  data  were  origin- 
ally reported  as  square-wave  response  and  have  been  con- 
verted to  sme-wave  values. 


The  portion  of  the  figure  for  a magnification  of  6X 
shows  three  separate  curves  for  different  microscope  and 
lens  combinations.  The  other  portions  of  the  figure 
show  averages  based  on  a similar  number  of  microscope/ 
lens  combinations,  but  at  other  magnifications. 

Note  the  changes  in  horizontal  scale  in  the  graphs. 


Figure  3.3-10.  Effect  of  Display  Parameters  on  Target 
Visibility.  This  figure  shows  how  both  display  magnifica- 
tion and  modulation  transfer  determine  whether  a particu- 
lar target  object  recorded  in  the  imagery  wiM  be  visible  in 
a display. 

The  solid  curve  shows  the  average  modulation  threshold 
and  the  dashed  curves  show  the  90-percent  population 


range  for  unaided  viewing  (Figure  3.1-19).  A target,  Tg  is 
assumed  to  have  a spatial  frequency  of  100  cycles  per 
degree,  making  it  too  small  to  see,  and  a modulation  of 
0.02.  When  it  is  viewed  in  a display  with  a modulation 
transfer  function  (M7F)  like  the  one  in  part  (b)  of  Figure 
3.3-9,  the  image  of  the  target,  Tj,  has  a spatial  frequency 
of  8.5  cycles  per  degree,  but  a modulation  of  only  0.004. 
As  a result,  it  is  still  not  resolvable. 
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3.3.3  MODULATION  TRANSFER  (CONTINUED! 

Figure  3.3-11.  Effect  of  Display  Parameters  on  Modula- 
tion Sensitivity  of  the  Eye.  This  figure  illustrates  the 
same  concepts  as  Figure  3.3-10.  However,  instead  of 
showing  how  the  display  shifts  the  target  in  image  space, 
this  figure  Shows  how  it  shifts  the  visibility  threshold 
curve  of  the  eye  in  object  (imageryl  space.  Part  (at  is  the 
modulation  threshold  range  for  90  percent  of  the  popula- 
tion from  Figure  3.1-19,  shown  here  in  cycles  per  milli- 
meter at  the  reference  distance  for  a magnifying  power  of 
IX,  250  mm  (10  in). 

In  part  (b),  the  arrow  at  A illustrates  how  display  magnifi- 
cation shifts  the  eye  threshold  curve  from  (a)  to  a 6X 


higher  spatial  frequency.  Arrow  B shows  how  the  modula- 
tion loss  in  the  display  at  this  spatial  frequency  decreases 
the  modulation  sensitivity  of  the  eye,  resulting  in  a 
requirement  for  a higher  target  modulation  in  the 
imagery.  The  modulation  transfer  values  used  here  are 
from  the  same  set  of  data  illustrated  in  Figure  3.3-9 

Parts  (c)  and  (d)  show  how  the  increase  in  imagery  modu- 
lation required  becomes  greater  with  greater  display 
magnification. 
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3.3.3  MODULATION  TRANSFER  (CONTINUED) 


OBJECT  PLANE  SPATIAL  FREQUENCY  (cyclej/miTi) 


Figure  3.2-12.  Display  Magnification  Required  for 
Specif ic  Object  Contrast  and  Spatial  Frequency  (Ref.  19). 
By  repeating  the  computations  illustrated  in  the  previous 
figure  at  a sufficient  number  of  magnifications,  it  is  pos- 
sible to  determine  the  minimum  detectable  modulation 
for  any  combination  of  spatial  frequency  and  magnifica- 
tion within  the  range  of  the  available  display  test  data. 

This  information  can  in  turn  be  used  to  determine  the 
magnification  required  to  see  an  object  of  any  particu- 


lar modulation  and  spatial  frequency.  Curves  illustrating 
this  function  for  an  average  observer  are  shown  here; 
curves  for  observers  at  the  extremes  of  the  population 
sensitivity  range  are  similar  but  are  shifted  horizontally. 

As  the  magnification  of  a given  display  continues  to 
increase,  the  modulation  loss  at  the  higher  spatial  frequen' 
cies  will  make  the  slopes  of  these  curves  shift  to  vertical, 
indicating  that  the  increased  magnification  is  not  provid- 
ing any  increase  in  visibility. 
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I 3.3.4  WAVEFRONT  ABERRATIONS 

through  3.1.10  show,  visual  performance  depends  not 
just  on  the  traditional  units  of  test  target  size  and 
conirast,  but  also  on  the  target  shape,  the  number  of 
cycles  present,  and  similar  factors. 

A more  adequate  prediction  of  the  performance  of  the 
eye/display  combination  should  be  possible  by  consider- 
ing the  distribution  on  the  retina  of  the  light  that 
originated  from  a single  point  cn  the  imagery.  This 
distribution,  known  as  the  point-spread  function,  can  be 
obtained  from  design  data  or  by  use  of  available  ray 
trace  equipment  (Ref.  21). 

A number  of  analytical  appicachcs,  ranging  from  vague 
hypotheses  to  detailed  computational  models,  have  been 
suggested  to  deal  with  these  aspects  of  the  eye/display 
combination.  One  of  the  more  complete  models,  devel- 
oped by  Overington,  includes  terms  intended  to  repre- 
sent the  display,  the  optics  of  the  eye,  and  the  retina 
(Ref.  20).  Neither  it  nor  any  of  the  other  models 
intended  for  a similar  purpose  are  known  to  have 
demonstrated  the  capability  for  making  useful  predic- 
tions about  the  effect  of  changing  specific  display 
parameters. 


1' 
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Like  the  Airy  disc  approach  to  analyzing  the  relationsliip 
between  display  and  user  discussed  in  Section  3.3.2,  the 
MTF  approach  just  described  ignores  several  factors.  For 
example,  field  curvature  (Section  3.4.4)  can  severely 
degrade  the  off-axis  MTF  of  a display,  but  its  impact  on 
what  the  user  of  a virtual  image  display  can  see  depends 
at  least  in  part  on  whether  he  has  time  to  change 
accommodation  as  he  looks  around  the  field.  It  has  been 
suggested  that  spherical  aberration  can  also  have  less 
effect  on  the  user  than  on  the  MTF  of  the  display, 
because  if  it  is  in  the  proper  direction,  it  will  compensate 
for  the  spherical  aberration  of  the  eye  (Ref.  20). 

There  is  at  Di;esent  no  experimental  evidence  to  indicate 
that  this  compensation  will  actually  happen,  and  the 
large  variation  in  spherical  aberration  between  different 
eyes  represented  in  the  average  curves  in  Section  3.4.1 
suggests  that  if  it  does  occur  it  will  be  higlily  specific  to 
particular  individuals. 

Conversely,  the  different  image  distances  for  differently 
oriented  edges  when  astigmatism  is  present  may  be  more 
troublesome  to  the  user  than  MTF  measurements  would 
predict  due  to  the  fact  that  the  user’s  accommodation 
control  mechanism  is  faced  with  a conflict  situation 
(Section  3.4.3).  Also,  as  the  data  in  Section'  3.1.5 
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3.3.5  IMAGERY  EFFECTS 


As  is  painfully  obvious  when  silver  halide  imagery  is 
enlarged  excessively,  it  is  made  up  of  many  small  grains. 
At  lesser  enlargements  these  are  not  individually  visible. 

The  grain  structure  of  silver  halide  film  is  important  to 
the  display  designer  because  it  may  set  a much  different 
limit  on  maximum  useful  magnification  than  would  be 
predicted  from  visual  performance  measured  with  grain- 
less  targets,  in  addition,  there  are  display  designs,  such  as 
the  use  of  coherent  illumination,  that  enhance  tht: 
visibility  of  grain  at  the  expense  of  the  details  the  viewer 
wishes  to  see,  and  it  is  reasonable  to  hope  that  theie  are 
designs  for  which  just  the  reverse  will  occur.  (See 
Section  3.2.1 1.3.) 

Although  grain  has  been  extensively  studied  (Ref.  22), 
there  is  as  yet  no  way  to  adequately  characterize  its 
impact  on  the  visibility  of  details  in  the  imagery.  It  is 
certain,  however,  that  at  least  in  the  region  where  both 
the  grain  and  the  details  in  the  imagery  are  marginally 
visible,  it  plays  an  important  role. 

None  of  the  analytical  models  described  in  other  parts  of 
Section  3.3  treat  the  effects  of  grain  on  visual  perform- 
ance that  become  obvious  whenever  a piece  of  imagery  is 
enlarged  excessively.  By  necessity  this  factor  is  included, 
usually  implicitly  rather  than  explicitly,  in  techniques 
intended  for  assessing  or  predicting  imagery  quality. 

For  example,  it  is  common  to  estimate  the  resolving 
power  of  a particular  lens/film  combination  by  combin- 
ing the  lens  MTF  with  a modulation  demand  curve  for 
the  film  (Ref.  23).  The  demand  modulation  curve  is 
determined  by  using  the  particular  (dm  and  processing 
being  studied  with  a lens  of  known  MTF  to  photograph 
resolution  targets  that  include  a range  of  modulations 
and  spatial  frequencies.  Resolution  readings  are  made  on 


the  imagery  by  several  individuals  using  whatever  display 
yields  the  higliest  value.  In  order  to  determine  the 
modulation  required  in  the  light  distribution  arriving  at 
tile  film  surface  for  a particular  spatial  frequency  target 
to  be  visible,  the  MTF  of  the  photographic  lens  is 
removed  mathematically.  The  resulting  demand  modula- 
tion curve  can  then  be  combined  with  the  MTF  of  a 
different  lens  in  o'der  to  obtain  an  estimate  of  the 
resolution  that  will  be  obtained  with  this  second  lens. 

Tlie  modulation  demand  curve  obtained  in  this  way 
depends  on  the  characteristics  of  two  elements  in 
addition  to  the  film.  These  are  the  observer  and  the 
display  he  used  to  make  the  resolution  readings.  In 
theory  it  should  also  be  possible  to  mathematically 
remove  the  effect  of  the  display  and  thereby  obtain  a 
demand  modulation  curve  tor  only  the  film  and  the 
observer.  This  could  then  be  used  to  estimate  the  effect 
of  a different  quality  display.  The  results,  of  course, 
would  still  suffer  from  all  the  shortcomings  of  using 
MTF  to  characterize  the  display  and  tri-bar  resolution 
target  readings  to  characterize  visual  performance.  The 
demand  modulation  concept  has  been  incorporated  into 
other  analytical  techniques  such  as  the  threshold  quality 
factor  (TOF)  (Ref.  24)  and  the  modulation  transfer 
factor  area  (MTFA)  (Ref.  25),  but  no  applications 
directly  intended  to  evaluate  the  display  in  this  fashion 
are  known. 

In  the  absence  of  good  test  data,  magnification  values 
used  to  read  resolution  targets  on  imagery  provide  some 
very  limited  guidance  on  the  upper  limit  of  magnifica- 
tion that  will  be  useful.  One  source  reports  that  the 
highest  resolution  values  are  obtained  when  the  display 
magnification  is  approximately  equal  to  the  imagery 
resolution  expressed  in  cycles/mm  (Pef.  26,X).  Another 
suggests  that  the  best  magnification  falls  between  one- 
third  and  1 times  this  value  (Ref.  27). 
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3.3.6  RELATIVE  RESOLVING  POWER 
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One  approadi  to  the  analysis  of  display  quality  tliat 
doesn’t  fit  into  the  sequence  in  the  previous  portions  of 
Section  3.3  is  to  compare  the  relati-'e  quality  of  the 
various  system  elements  in  terms  of  resolving  power. 
Tliis  technique  attempts  to  predict  the  resolving  power 
of  the  total  system  from  the  known  resolving  power  of 
each  element.  It  suggests  that  by  making  the  quality  of 
one  component  sufficiently  better  than  the  others,  it 
will  have  no  impact  on  the  total  system  quality  and  it 
can  be  ignored. 


Tliis  technique  is  based  on  data  from  photographic 
systems  and  higli-contrast  test  targets  and  as  a result  is 
not  directly  applicable  to  display  design.  However,  it 
does  illustrate  that  unless  the  resolving  power  of  the 
display  is  better  than  the  resolution  of  the  imagery,  then 
the  display  user  will  be  unable  to  see  all  the  detail 
present  in  the  imagery. 


RATIO  OF  FILM  TO  LENS  RESOLVING 
POWER  (R,/R|) 


Figure  3.3  13.  Relative  Lens,  Film,  and  Imagery  Reso- 
lution. It  would  be  useful  to  be  able  to  predict  the 
imagery  resolution  that  will  occur  when  a film  and  a 
lens  of  known  resolving  power  are  combined.  Three 
equations  developed  to  predict  this  relationship  are 
illustrated  here  along  with  test  data  for  various  film/lens 
combinations  (Ref.  28,B).  Curve  0,  which  is  mathemati- 
cally simpler  than  the  other  two  and  provides  as  good  a fit 
is: 


1 


, whera 


Rj  = imagery  resolution. 


Rj  = film  resolving  power,  and 


R|  = lens  resolving  power. 

The  data  in  this  figure  indicate  that  if  the  resolvi.vg  power 
of  one  element  of  the  photographic  system,  in  this  case 
the  film,  is  much  greater  than  the  resolution  of  the  second 
element,  the  lens,  then  the  imagery  resolution  obtained 
depends  almost  entirely  on  the  resolving  power  of  the 
poorer  element,  the  lens. 
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3.4  ABERRATIONS 


The  failure  of  llie  liglit  rays  from  a single  point  in  the 
object  plane  of  a display  ti'  form  a single  image  point  is 
aberration.  The  aberrations  of  concern  to  the  designer 
are  the  following: 

• Spherical  aberration 

• (’oma 

• Astigmatism 

• Field  curvature 

• Distortion 

• Chromatic  aberration 

Except  for  those  occasions  when  it  is  essential  to  the 
development  of  a particular  argument,  extensive  descrip- 
tion of  each  of  these  aberrations  is  omitted  here.  Most 
optics  texts  treat  this  subject  (Ref.  I). 


3,4.1  SPHERICAL  ABERRATION 

Spherical  aberration  is  the  difference  in  refracting 
power,  and  hence  difference  in  focus  distance,  for  liglit 
passing  througli  pcriplieral  as  opposed  to  axial  portions 
of  a lens.  Spherical  aberration  in  a display  contributes 
directly  to  a reduction  in  image  quality  as  expressed  in 
units  such  as  resolution  and  MTF.  From  the  point  of 
view  of  the  user,  if  the  image  quality  expressed  in  these 
kinds  of  units  is  adequate,  there  is  no  need  for  a separate 
limit  on  spherical  aberration. 

There  is  some  spherical  aberration  in  the  eye.  As  Figure 
3.4-1  illustrates,  the  amount  has  been  overestimated  by 
the  authors  of  some  studies,  apparently  because  the 
tendency  of  the  eye  to  accommodate  to  a distance  that 
is  a compromise  between  the  target  distance  and  the 
eye’s  resting  position  of  accommodation  (Section  3.6.2) 
was  riot  yet  recognized. 

The  summary  curves  in  Figure  3.4-1  and  3.4-2  obscure 
the  very  large  variation  among  individuals  reported  in 
both  studies.  To  the  extent  that  these  variations  are  not 
just  measurement  error,  they  indicate  that  spiierical 
aberration  has  a much  greater  impact  on  vision  for  some 
individuals  than  is  indicated  here. 


Beyond  their  obvious  direct  impact  on  display  image 
quality  as  measured  in  terms  of  resolution  or  the 
nioJtilation  transfer  funetion  (MTF),  little  quantitative 
data  on  the  impact  of  these  aberrations  has  been 
published.  Wliat  information  is  available  on  each  aberra- 
tion is  summarized  in  the  six  sections  below. 

Tlirce  of  the  aberrations  in  this  list  -spherical  aberration, 
astigmatism,  and  chromatic  aberration -have  been  meas- 
ured on  the  eye.  The  available  data  are  included  in  tlie 
appropriate  sections  below.  Preliminary  results  with  a 
recently  developed  technique  for  measuring  all  the 
aberrations  of  the  eye  indicate  that  coma  is  also  present 
in  most  eyes  and  that  spherical  aberration  is  significant 
for  extremely  large  eye  pupils  (Ref.  2). 


More  accurate  teebniques  have  recently  been  used  to 
measure  spherical  aberration  of  a single  eye,  but  the  data 
have  not  been  reported  in  a form  that  can  be  easily 
compared  with  the  results  in  Figures  3.4-1  and  -2  (Ref. 
3>. 

Attempts  have  been  made  to  i mprove  vision  by  the 
addition  of  a lens  that  compens  es  for  the  spherical 
aberration  of  the  eye  (Ref.  4,  U).  The  test  subjects 
required  an  unspecified  amount  of  time  to  adapt  to  the 
compensating  lens,  after  which  visual  ability  was  assessed 
informally  as  being  unchanged.  Attempts  to  eliminate 
spherical  aberration  by  the  use  of  annular  or  ringlike 
pupils  have  been  similarly  unsuccessful  (Ref.  5). 

The  variation  in  power  aero  '•  the  eye  pupil  is  too 
irregular  to  be  characterized  completely  as  spherical 
aberration.  In  the  study  summarized  in  Figure  3.4-2 
below,  for  example,  there  was  considerable  variation  in 
the  spherical  aberration  measured  in  the  horizontal  as 
opposed  to  the  vertical  meridian.  In  .another  study,  these 
variations  were  mapped  over  the  entire  pupil  (Ref.  6). 
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3.4.1  SPHERICAL  ABERRATION  (CONTINUED) 


CURVE  IN  ORIGINAL  REPORT 

MORE  REALISTIC  ALTERNATIVE 

EYE  ACCOMMODATION  DISTANCE 
(meters) 


EYE  ACCOMMODATION  DISTANCE 
(diopters) 

Note:  The  deviation  of  these  curves  from  vertical 
is  presumably  due  to  spherical  aberration. 


Figure  3.4-1.  Spherical  Aberration  of  the  Eye.  The 
average  dioptric  power  for  10  eyes  (seven  subjects)  sum- 
marized in  this  figure  changed  very  little  over  a distance 
of  0.5  to  2.0  mm  from  the  center  of  the  pupil,  indicating 
very  little  spherical  aberration  was  present  (Ref.  7,0 . 
There  was  somewhat  more  irregularity  in  the  curves  for 
the  individual  eyes. 

No  measurements  were  made  less  than  0.5  mm  from  the 
center  of  the  pupil.  In  the  original  publication  the  author 
assumed  that  the  center  of  the  eye  pupil  was  in  focus  for 
the  distance  to  the  target,  and  he  extended  the  curves 
down  to  these  points.  Actually,  the  eye  seldom  accom- 
modates exactly  to  the  target  distance  unless  it  happens 
to  match  the  resiing  position  of  accommodation  (Section 
3.6.2).  The  best  available  estimate  on  the  accommodation 
distance  for  the  center  of  the  eye  pupil  in  these  studies  is 
therefore  the  measured  accommodation  0.5  mm  from  the 
center. 


EYE  ACCOMMODATION  DISTANCE 
(meters) 


EYE  ACCOMMODATION  DISTANCE 
(diopters) 


Figure  3.4-2.  Spherical  Aberration  of  the  Eye.  This  fig- 
ure shows  the  average  dioptric  power  measured  across  the 
pupils  on  12  eyes  (1 1 subjects)  (Ref.  8,0.  As  in  Figure 
3.4-1,  it  is  very  difficult  to  determine  if  the  values  given 
for  the  refractive  power  at  the  center  of  the  pupil  are 
valid.  They  are  apparently  projections  of  the  test  measure- 
ments, which  started  at  0.5  mm. 

This  curve  shows  considerably  more  spherical  aberration 
for  the  eye  than  Figure  3.4-1. 
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3.4.2  COMA 

Wiai  a>ma  is  present,  the  imaiie  of  a point  located  t)lT 
the  optical  axis  appears  comet-shaped.  Coma  in  a display 
results  in  a hlurred  imajtc  and  as  a result,  a reduction  in 
image  quality  as  measured  hy  a resolving  power  test  or  a 


3.4.3  ASTIGMATISM 

Oblique  or  radial  asti^matisi.’  ' an  aberration  in  which 
an  object  point  located  off  the  optical  axis  is  imaged  as  a 
radial  line  at  one  distance  from  the  lens  and  as  a line 
perpendicular  to  the  radial  at  another  distance.  The 
astigmatism  produced  by  a cylindrical  lens  has  a similar 
effect  except  that  the  orientation  of  one  of  the  lines 
matches  the  axis  of  the  cylinder;  it  occurs  over  the  entire 
field  rather  than  only  at  off-axis  points;  and  it  is  not  an 
abberration.  (Ref.  1) 

The  impact  of  astigmatism  can  be  measured  with  grating 
targets  oriented  at  riglit  angles  to  each  other.  For  visual 
measurements,  resol  .iii;  readings  should  be  taken 
without  refocusing  tl. ; display,  and  ideally  by  an 
individual  who  is  unable  <•.■>  change  his  accommodation. 

The  presence  of  astigmatism,  whether  as  an  aberration  in 


3.4.4  FIELD  CURVATURE 

Tlic  aberration  known  formally  as  “field  curvature" 
should  not  be  confused  with  the  curved  appearance  of 
the  image  produced  by  many  aerial  image  displays.  Tliis 
phenomenon  is  discussed  in  Section  3.4.5. 

Wlien  all  other  aberrations  are  zero,  field  curvature  is  the 
magnitude  by  which  the  image  fails  to  fall  on  a plane 
(Ref.  10).  For  a flat  projection  screen  display,  the  result 
of  fi  '.d  curvature  is  evident  in  the  variation  in  image 
quality  across  the  screen,  and  this  effectively  sets  a 
design  limit.  For  an  aerial  image  display,  the  design  limit 
derives  directly  from  the  fact  that  if  the  field  curvature 
exceeds  the  depth  of  field,  the  image  will  by  definition 
be  degraded.  The  factors  that  affect  depth  of  field  arc 
discussed  briefly  in  Sections  3.8.2  and  3.8.5. 

For  part  of  the  image  field  to  be  out  of  focus  is 
disturbing  for  some  display  users,  even  though  they 
don’t  need  to  look  at  features  in  the  defocused  area.  It  is 


modulation  transfer  function  test.  From  the  point  of 
view  of  the  user,  there  is  no  established  requirement  for 
a separate  limit  on  the  amount  of  coma.  (Ref.  1 ) 


the  display  or  as  a result  of  cylindrical  power  in  either 
the  display  or  the  display  user’s  eye,  requires  the  user  to 
choose  between  two  different  accommodation  distances 
to  obtain  the  best  image.  It  is  likely  that  this  leads  to 
frequent  shifts  in  accommodation  as  he  fixates  first  on 
an  edge  oriented  in  one  direction  and  then  on  an  edge 
oriented  in  another  direction.  This  confiict  from  having 
more  than  one  best  accommodation  may  be  a significant 
factor  in  the  severe  discomfort  caused  by  relatively  small 
amounts  of  astigmatism  in  the  eye.  For  example, 
astigmatism  of  more  than  0.5  to  1.0  diopter  generally 
requires  correction  to  prevent  visual  discomfort,  while 
several  diopters  of  spherical  focus  error,  though  it  may 
be  distressing  and  make  the  world  appear  very  fuzzy, 
generally  does  not  cause  discomfort  (Ref.  9).  There  is  no 
known  evaluation  of  the  extent  to  which  this  is  a 
problem  in  displays. 


not  obvious  why  this  occurs,  since  much  normal  visual 
experience  is  with  scenas  in  which  most  of  the  objects 
arc  at  different  distances  and  can  therefore  not  be  in 
focus  simultaneously. 

Field  curvature  tolerances  are  tigluer  for  large  exit  pupil 
displays  intended  to  be  used  biocularly  than  for  ordinary 
small  exit  pupil  displays  (Ref.  1 1). 

A problem  that  has  much  the  same  impact  as  field 
curvature  is  tilt  of  the  object  plane  relative  to  the 
imagery.  This  occurs  with  microscopes  such  as  the 
Bausch  and  Lomb  Zoom  70  and  Zoom  240  when 
operated  in  the  mmioscopic  mode  because  the  two 
optical  axes  converge  about  10  degrees  at  the  imagery 
(Ref.  12).  Tlie  object  plane  for  each  axis  is  therefore 
tilted  5 degrees  from  the  imagery  plane.  If  the  amount 
of  tilt  is  greater  than  the  depth  of  field,  at  least  part  of 
the  field  is  out  of  focus. 
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3.4.5  DISTORTION  AND  IMAGE  CURVATURE 

Distortion  is  the  change  in  shape  of  tlie  displayed  image 
relative  to  the  original  object.  Tlie  direction  of  the 
distortion  is  usually  described  as  either  pincushion  or 
barrel,  defined  as  in  Figure  3.4-3  below.  Since  distortion 
changes  only  the  shape  of  features  in  the  imagery  and 
not  how  well  the  user  can  see  them,  there  is  no  basis  for 
objectively  derived  design  limits.  In  most  situations,  the 
only  significant  limit  is  what  the  intended  users  will  find 
acceptable. 

Differences  in  distortion  between  the  images  presented 
to  the  two  eyes  in  a binocular  display  are  more  serious 
than  the  amount  of  distortion.  TItese  differences  cause  a 
disparity  between  the  two  images  that  can  be  very 
deleterious.  This  effect  can  be  especially  serious  in  a 
biocular  display,  where  the  disparity  may  vary  with  head 
movement  (Ref.  1 1 ).  Disparity  tolerance  is  treated  in 
Section  3.7.4. 

Many  aerial  image  displays  produce  a strong  impression 
that  the  edges  of  the  image  field  are  curved  toward  or 
away  from  the  user.  The  preferred  term  for  this 
phenomenon,  which  is  not  an  aberration  in  the  usual 
sense  of  the  term,  is  image  curvature.  This  distinguishes 
it  from  field  curvature,  which  is  an  aberration  and  is 
discussed  in  Section  3.4.4 

Distortion  is  likel,.  to  be  more  of  a problem  in  stereo 


than  in  monocular  displays.  Even  thougn  the  distortion 
is  the  same  in  the  two  optical  trains  of  a stereo  display, 
the  user  will  often  displace  the  two  images  from  the 
centers  of  the  fields  by  moving  the  members  of  the 
stereo  pair  closer  or  farther  apart,  with  the  result  that 
the  two  images  will  be  distorted  differently.  Tliis  will 
introduce  disparity  that  will  probably  make  the  stereo 
image  appear  curved  and  which  may  interfere  with 
registering  them  in  stereo. 

Image  curvature  occurs  even  when  only  one  eye  is  in  use, 
which  rules  out  lateral  disparity  as  a cause  (Sections 
3.7.4.4  and  5.1 ).  At  least  a portion  of  image  curvature  in 
a typical  aerial  image  display  is  probably  due  to 
distortion.  Referring  to  Figure  3.4-3  below,  the  shrink- 
age of  details  at  the  edge  of  the  field  in  barrel  distortion 
is  perceptually  equivalent  to  looking  down  on  a hill,  and 
the  expansion  in  pincushion  distortion  is  much  like 
looking  iilto  a dish. 

Tolerance  for  image  curvature  is  much  lower  for  a 
moving  image.  Many  users,  thouglr  not  all,  v/ill  adapt  to 
a relatively  large  amount  of  image  curvature  in  a static 
image.  However,  movement  of  the  imagery  will  make  the 
curvature  obvious  again. 


Figure  3.4-3.  Barrel  and  Pincushion  Distortion 


3.4  ABERRATIONS 


3.4.6  CHROMATIC  ABERRATION 

Tlierc  are  no  user-based  data  to  support  a specific  limit 
on  chromatic  aberration  in  a display,  but  if  color  fringes 
can  be  seen  in  tlie  image  the  chromatic  aberration  is 
definitely  excessive. 

TIte  relatively  large  chromatic  aberration  of  the  eye  is 
illustrated  in  the  next  figure.  For  a significant  portion  of 
the  population,  the  cues  provided  by  chromatic  aberra- 
tion contribute  to  the  process  of  accommodation, 
apparently  by  providing  the  eye  with  information  on  the 
direction  of  the  accommodative  error  (Ref.  12,  also 
Section  3.2.8).  If  the  liglit  is  made  monochromatic,  they 
will  have  difficulty  accommodating  properly,  at  least 
until  they  learn  to  use  some  other  type  of  cue. 


Compensation  of  the  chromatic  aberratior  '"the  eye  by 
incorporating  equal  but  opposite  chroma  .aberration 
into  the  display  has  been  suggested  as  a way  t-  increase 
what  the  user  can  sec  in  the  display.  Lenses  1.  .ve  been 
constructed  that  compensate  for  the  chromatic  aberra- 
tion of  the  eye  (Ref.  4).  In  very  limited  testing  this  kind 
of  lens  increased  the  ability  of  subjects  to  resolve  large, 
low-contrast  details  but  not  small,  high-cootrast  details 
(Ref.  14, D).  It  is  not  possible  to  estimate  whether  this 
result  would  occur  in  other  viewing  situations  "lis  kind 
of  lens  is  also  reported  to  improve  the  c ulity  of 
operators  to  make  color  matches  in  a split-f;"d  visual 
colorimeter,  apparently  by  eliminating  color  ' inges  at 
the  border  between  the  two  colors  (Ref.  4). 


Figure  3.4-4.  Chromatic  Aberration  of  the  Eye.  The 
refractive  power  of  the  eye  is  greater  for  short  wavelengths 
than  for  longer  ones  (Ref.  15, B).  As  a result,  a normally 
sighted  individual  may  be  nearsighted  for  a blue  object. 

The  curve  here  has  been  arbitrarily  shifted  so  that  a wave- 
length of  578  nm  corresponds  to  a value  of  0 diopter. 
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SECTION  3.5  DISPLAY  FIELD  SIZE 


Many  factors  innucnce  the  choice  of  an  imagery  display 
field  size.  A large  field  is  desirable  for  several  reasons; 

* It  helps  the  user  see  enougli  ground  area  at  once  to 
understand  components  of  the  target  in  context. 


I*  It  can  partially  compensate  for  an  inadequate  imagery 
translation  system. 

i.i 

f • Because  the  eyes  can  be  redirected  faster  than  the 

f image  can  be  repositioned  by  any  imagery  translation 

system,  it  facilitates  the  inspection  of  different  areas 

I oh  the  imagery. 

1 ' 

, . i ■ 

I Too  small  a display  field  can  cause  specific  problems: 

• It  can  reduce  visual  performance  (Sections  3.5.4  and 
3.1.5). 

• It  can  reduce  search  performance  efficiency  (Section 
3.5.5). 

• In  a microscope-type  display,  where  the  image  is 
! surrounded  by  darkness,  it  may  cause  an  undersirable 

sensation  of  tunnel  vision. 


i 

i 

! 


Too  large  a display  field  is  also  undesirable.  In  addition 
to  being  unnecessarily  expensive,  it  has  the  following 
drawbacks: 

• It  wastes  power  used  to  provide  illumination,  particu- 
larly in  a projection  display. 


• It  may  reduce  image  quality  because  of  the  larger 
optical  elements  required  and  because  of  the  increase 
in  scattered  light. 

• It  is  likely  to  increase  the  distortion  in  the  periphery 
of  the  field. 

• Because  eyepiece  size  is  a function  of  eye  relief  and 
field  size,  it  may  increase  eyepiece  size  to  the  point 
where  interpupillary  distance  (IPD)  and  face  clear- 
ance problems  occur  (Section  3.9). 


H. 


'i 

i i 

; I 


* It  may  cause  some  ground  areas  to  be  skipped  during 
search,  increasing  the  number  of  targets  that  are 
missed. 

With  the  exception  of  a general  consensus  that  big  is 
good,  there  is  no  basis  at  present  for  firm  design  limits 
on  display  field  size.  Summarizing  the  numbers  devel- 
oped in  this  section,  extremely  small  fields,  on  the  order 
of  5 to  10  degrees,  cause  problems  and  should  be 


avoided  except  in  special  applications  (Section  3.5.4  and 
3.5.5).  At  the  other  extreme,  the  user  imposes  no  upper 
limit  on  the  size  of  a screen  display;  if  his  head  is  not 
free  to  lurn,  however,  as  with  a binocular  microscope, 
limitations  on  eye  rotation  will  make  an  image  field 
much  larger  than  60  degrees  very  difficult  to  use 
effectively  (Section  3.5.3).  At  least  under  ihe  conditions 
tested  (Figure  3.5-20),  there  is  no  impri  vement  in  search 
performance  as  the  image  field  size  is  increased  beyond 
54  degrees,  and  only  a small,  insignificant  increase  as  it  is 
increased  from  36  to  54  degrees.  A field  of  18  degrees  is 
clearly  too  small  for  search. 

Ideally,  determination  of  display  field  size  should  be 
based  on  an  understanding  of  how  information  in  an 
image  is  received  and  processed  by  the  display  user.  As 
one  justification  of  a large  display  field,  it  has  been 
suggested  (Ref.  1)  that  the  display  user  builds  up  a 
mental  image  of  a scene  by  sampling  small  segments  with 
the  central,  higli-resolution  portion  of  his  visual  field, 
with  the  storage  of  these  details  somehow  aided  by  the 
muc'ii  lower  resolution  image  provided  by  his  peripheral 
visual  field.  Wliile  this  concept  is  still  theoretical,  there  is 
experimental  evidence  that  at  a minimum  the  peripheral 
visual  field  contributes  to  the  search  process  by  provid- 
ing information  on  where  next  to  direct  the  eye  (Ref.  2). 

The  choice  of  a display  field  size  depends  not  just  on 
user  variables,  but  also  on  how  large  an  imagery  area 
should  be  visible  at  one  time  and  on  what  magnification 
will  allow  the  essential  details  in  the  imagery  to  be  seen. 
There  ate  no  known  published  data  on  this  topic. 
However,  if  the  minimum  ground  area  that  must  be 
viewed  on  imagery  of  a given  scale  can  be  established, 
tl'.e  graphs  in  Section  3.5.1  can  be  used  to  determine  the 
combinations  of  field  size  and  minimum  magnification 
that  will  be  adequate.  (Also  see  the  discussion  Section 
3.3.1.) 

One  technique  that  has  been  proposed  for  improving 
search  performance  is  to  provide  a very  small  display 
field  and  move  it  automatically  across  the  area  being 
searched,  thereby  ensuring  that  the  display  operator  will 
not  skip  any  portion  of  the  scene.  The  available 
information  on  this  topic  is  included  in  Section  4.3. 

The  concern  in  this  section  is  primarily  with  hard-copy 
rather  than  real-time  imagery  displays.  The  relationships 
between  the  many  parameters  involved  in  a real-time 
display,  such  as  sensor  field  of  view,  sensor  resolution, 
probable  location  of  a target  within  the  sensor  field, 
display  size,  display  resolution,  and  vehicle  approach 
velocity,  are  beyond  the  scope  of  this  handbook. 
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SECTION  3.5  DISPLAY  FIELD  SIZE 


3.5.1  TERMS  AND  GEOMETRY 


i. 
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Two  terms  used  in  a specific  way  when  discussing  an 
optical  display  in  this  handbook  are  object  space  and 
image  space,  or  simply  object  and  image.  For  the  present 
purpose,  these  are  distinguished  as  follows; 

• Object  space  or  the  object,  refers  to  the  imagery  on 
which  the  display  is  focused.  Hence  distances  given 
“in  object  space,”  “on  the  object,”  and  “on  the 
imagery”  are  all  equal. 

• Image  space,  or  the  image,  refers  to  the  image  which 
the  display  forms  of  the  object  (imagery).  If  there  are 
intermediate  images,  as  in  a microscope,  then  if  these 
terms  do  not  include  a modifier  they  refer  specifically 
to  the  image  as  seen  by  tire  display  user.  They  are 
defined  geometrically,  therefore,  by  the  liglil  rays 
entering  the  eye. 

Two  other  frequently  used  terms  aie  display  field  and 
visual  field.  As  used  here,  they  differ  as  follows: 

• Tlie  display  field  is  determined  by  the  optical 
elements  and  limited  aperture  of  the  display.  Tlie 
display  field  can  be  expressed  in  either  object  space 
or  image  space  dimensions. 

• The  visual  field  refers  to  the  extent  of  some  surface 
or  image  as  seen  by  the  observer.  A visual  field  must 
be  given  in  angular  units,  sometimes  known  as  visual 
angle  (Figure  3.1-8),  unless  the  distance  from  the  eye 
to  the  surface  being  viewed  is  known  and  specified,  in 


which  case  linear  extent  on  the  surface  is  also 
acceptable.  The  total  visual  field  for  the  unobstructed 
eye  is  shown  in  Figures  3.5-8  and  -9.  Figures  3.5-10, 
•1 1,  and  -12  can  be  used  to  estimate  the  visual  field 
over  which  details  of  a particular  size  can  be  resolved. 

Tlie  designer  usually  expresses  the  size  of  a display  field 
as  linear  extent  in  object  space  at  a given  magnification. 
For  example,  the  field  size  of  the  Bausch  and  Lomb 
(B&L)  Zoom  70  stereoscope  when  used  with  the  lOX 
Wide  Field  (WF)  eyepiece  is  given  as  200/M  mm  (Ref. 
3).  where  M is  the  magnification.  The  display  user, 
however,  experiences  the  field  in  terms  of  its  angular 
size.  A field  of  200/m  .nm,  for  example,  subtends  an 
angle  of  43.6  degrees.  Graphs  are  included  in  this  section 
to  facilitate  making  these  kinds  of  conversions  for 
several  different  display  situations  (Figures  3.5-2,  -3,  -4 
and -5). 

Tliese  figures  also  simplify  consideration  of  what  display 
size  will  allow  viewing  a particular  ground  area.  Suppose, 
for  example,  one  wishes  to  display  a ground  area  200m 
(650  ft)  wide,  imaged  on  1:40,000  scale  photography. 
Figure  3.5-5  shows  that  this  ground  distance  corresponds 
to  5.0mm  (0.2  in)  on  the  imagery.  Assume  that  one  also 
knows,  either  by  analysis  (Section  3.3)  or  througii 
experience  with  this  type  of  imagery,  that  the  display 
magnification  should  be  30X.  Referring  then  to  Figure 
3.5-3,  an  object  field  of  5.0  mm  viewed  at  30X  requires 
an  image  field  of  approximately  34  degrees. 
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3.5.1  TERMS  AND  GEOMETRY  (CONTINUED) 


FIXATE  HERE  WHILE 
VIEWING  FROM 
250  mm  (10  in) 

i 1 2 4 6 


FIELD  RADIUS  (degreed 


150  mm  (5.9  in) 
IN  ORIGINAL 


8 10 


FIELD  RADIUS  (radians) 


Figure  3.5-1.  Image  Field  Size.  When  viewed  from  a 
distance  of  250  mm  (10  in),  which  is  equivalent  to  a mag- 
nifying power  of  1,  this  figure  illustrates  the  visual  angle 


subtended  by  image  fi  's  with  a diameter  of  up  to  60 
degrees  (Ref.  4).  Beca  of  space  limitations,  the  radius 
rather  than  the  diametei  of  the  field  is  shown  here. 
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Figure  3.5-2.  Typical  Display  Field  Size  Units  (Ref.  5). 
Display  field  size  is  typically  given  in  terms  of  the  object 
field  diameter,  in  millimeters,  at  c given  magnification.  A 
commoi  : Bausch  and  Lomb  Zoom  70  microscope  with  a 
10X  Wide  Field  (WF)  eyepiece,  for  example,  provides  an 
object  field  of  200/M,  where  M is  the  microscope  magnifi- 
cation (Ref.  3).  At  a magnification  of  20X,  the  diameter 
of  the  area  visible  on  the  object  would  then  be  10  mm. 


The  user,  however,  experiences  the  display  field  as  an 
image  that  subtends  a particular  visual  angle,  usually 
expressed  in  degrees  or  radians  as  in  the  two  middle  scales. 

The  upper  scale  (image  area)  is  included  here  only  to  illus- 
trate that  image  area  increases  faster  than  image  diameter. 
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3.5.1  TERMS  AND  GEOMETRY  (CONTINUED) 


Figure  3.5-3.  Relatiorship  of  Object  Field  Size  to  Image  Field  and  Magnification  (Ref.  6) 


; 

i 5 
1 


3.5-4 


(2-76) 


OBJECT  FIJLO  DIAMETER  (inches) 


SECTION  3.5  DISPLAY  FIELD  SIZE 


3.5.1  TERMS  AND  GEOMETRY  {CONTINUED) 


U . 


3.5-5 


i 


SECTION  3.5  DISPLAY  FIELD  SIZE 


3.5.1  terms  and  geometry  (CONTINUED) 


Figurs  3.5^.  Impact  of  Viewing  Distance  on  Image  Size 
for  Screen  Displays.  The  visual  angle  subtended  by  a 
display  screen  varies  with  viewing  distance,  as  Is  Illustrated 
here  (Ref.  7).  Note  that  when  the  magnifying  power  due 
to  viewing  distance  Is  unity,  a situation  that  occurs  at  the 


reference  distance  of  250  mm  (10  in)  (see  Section  3.3), 
the  relationship  between  screen  size  and  screen  visual 
size  is  the  same  as  for  object  and  image  size  at  a IX  dis- 
play magnification  in  Figure  3.5-3. 


Figure  3.5-5.  Relationship  of  Imagery  To  Ground  Distance.  distance  that  is  included  in  a display  field  of  a given 
This  graph  Is  included  as  an  aid  in  detei  mining  the  grouna  size. 
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3.5  2 VISUAL  FIELD  SIZE 

KumvlcUiic  ul  (lio  cluirji,lciislics  of  ihe  visiul  t'lclJ  of 
the  eye  helps  In  tiiideisi;iiiJiii(;  lunv  the  display  usci 
loake.v  use  of  ilie  itilormulioii  pre,sei)l  in  the  imaftc  field. 

Willi  eye  orientation  fixed,  ligltl  can  he  sensed  over  a 
liori/onial  and  vertical  extent  svell  in  excess  of  100 
degrees.  However,  because  of  the  dislrihiilioii  of  light 
receptors  and  their  neural  iniercomieclions  across  the 
retina,  and  possibly  also  because  of  Ihe  optical  cha’acter- 
istics  of  the  eye.  visual  ability  decreases  rapidly  away 
from  the  fixation  point.  Therefore,  i'  the  essential  image 
details  are  small,  the  effective  visual  Held  extends  less 


than  a couple  degrees  from  the  point  of  fixation.  A 
diameter  of  2 to  4 degrees  is  sometimes  used  in  analyses, 
hill  a.s  the  figures  in  this  section  .show,  the  si/e  varies 
wiili  the  task  situation. 

As  a result,  in  order  to  study  an  image  area  larger  than  a 
few  degrees,  either  ilte  display  u.ser's  eyes  must  change 
direction  or  the  image  must  he  moved  relative  to  his 
eyes.  To  see  details  near  the  edge  of  a 50-degrec- 
diameter  field,  for  example,  approximately  25  degrees  of 
eye  rotation  relative  to  the  display  optical  axis  is 
required. 


Figure  3.5-6.  Distribution  of  Light  Receptors  in  the  Eye. 

Variation  in  ability  to  resolve  detail  across  the  visual  field 
is  due  primarily  to  variation  in  the  distribution  of  the  two 
types  of  light  receptors  across  the  retina  and  to  differencr 
in  their  neural  interconnections.  The  receptors  that  oper- 
ate at  the  luminance  levels  used  in  imagery  displays,  the 
cones,  are  most  numerous  at  the  center  of  the  fovea, 
which  corresponds  nominally  to  the  fixation  point  of  the 
eye,  and  decrease  rapidly  toward  the  perphery  of  the  eye 
(Ref.  8,  B). 

The  other  receptors,  the  rods,  are  absent  at  the  center 
of  the  fovea  and  increase  to  a maximum  density  approxi- 
mately 20  degrees  into  the  periphery.  The  rods  function 
at  much  lower  light  levels  than  normally  occur  in  imagery 
displays  and  can  be  Ignored  for  present  purposes  (see 
Section  3.2). 
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3.5.2  VISUAL  FIELD  SIZE  (CONTINUED) 


Figure  3.5-7.  The  Normal  Achromatic  Vijual  Field.  The 
approximate  si2e  of  the  normal  visual  field  for  the  right 
eye  is  illustrated.  These  plots  are  based  on  data  from  sev- 
eral different  sources  (Ref.  9,X)  and  are  included  here  to 
illustrate  general  magnitudes  and  trends,  not  as  design 
data.  They  were  usually  obtained  by  asking  subjects 
whether  they  could  see  a white  disk  of  the  specified  size 
against  a dark  background.  These  fields  normally  increase 
with  an  increase  in  any  variable  that  increases  the  visiblity 
of  a target,  such  as  luminance,  target  size,  and  exposure 
time. 

These  curves  a:e  based  on  test  data  only  at  the  horizontal 
and  vertical  axes  of  the  visual  field.  The  ellipses  fitted 
between  adjacent  data  points  are  probably  realistic  except 
for  the  lower  left-hand  quadrant,  where  the  nose  may 
limit  the  visual  field. 

As  these  curves  illustrate,  increasing  the  size  of  the  target 
disc  increases  the  area  over  which  it  can  be  detected  and 
changes  this  area  from  a circle  to  an  oval  that  extends 
farthest  in  the  temporal  direction. 

The  area  on  the  retina  where  the  optic  nerve  exits  the  eye 
contains  no  receptors  and  is  known  as  the  blind  spot. 

Only  under  special  viewing  conditions  is  the  observer 
aware  of  this  empty  region  in  the  visual  field. 


Figure  3.5-8.  Normal  Visual  Fields  for  Color.  What  are 
usually  referred  to  as  normal  visual  fields  for  color,  aver- 
aged across  three  studies,  are  illustrated  here  (Ref.  10, X). 
As  in  Figure  3.5-7,  an  ellipse  is  fitted  between  adjacent 
data  points. 

Because  visual  fields  for  color  are  affected  by  so  many 
variables,  this  and  other  color  field  data  must  be  evaluated 
carefully  to  determine  if  it  is  relevant  before  it  is  used  in  a 
specific  design  problem.  Among  the  more  important  rea- 
sons for  variation  in  color  field  measurements  are  the 
following: 

• The  task— The  field  for  identifying  the  color  of  a target 

is  smaller  than  the  field  for  simply  detecting  the  target. 
A task  involving  the  identification  of  a feature  of  the 
target,  such  as  the  orientation  of  a grating,  will  yield  a 
third  field  size.  I 

• The  relative  radiant  energy  level— Visual  field  size  for 
achromatic  targets  increases  with  target  luminance. 
Proper  matching  of  the  luminance  of  colored  targets  is 
not  simple  and  may  not  be  appropriate  for  all  pur- 
poses. In  one  study,  the  particular  method  used  to 
equate  green  and  blue  targets  resulted  in  identical  vis- 
ual fields  for  those  colors  (Ref.  11). 


I 
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3.5.2  VISUAL  FIELD  SIZE  (CONTINUED) 


o 


Figure  3.5-9.  Correction  of  Peripheral  Refractive  Error. 

In  most  eyes,  the  periphery  of  the  visual  field  is  character- 
ized by  an  increase  in  refractive  error  and  by  an  increase 
in  the  astigmatic  component  of  the  refractive  error  IRef . 

12).  , 

In  order  to  assess  the  contribution  of  this  increase  in  1 

refractive  error  to  the  reduction  in  vision  in  the  periphery,  | 

visual  performance  was  first  measured  at  several  points  | 

across  the  visual  field  while  the  test  subject  used  the  opti-  1 

mum  correction  for  that  part  of  the  visual  field  and  tested  i 

again  while  he  used  only  his  normally  determined  spec- 
tacle correction.  In  the  study  illustrated  here,  the  task  was 
to  detect  the  motion  of  a 1-degree-spuare  white  test  target 
(Ref.  13,8).  Although  the  correction  did  not  make 
motion  detection  as  good  in  the  periphery  as  it  was  at  the  j 

fixation  point,  it  did  make  it  better  than  when  no  special 
peripheral  correction  was  used.  ) 

In  a subsequent  study,  visual  ability  was  measured  in 

terms  of  the  smallest  grating  that  was  reported  to  be  visi-  | 

ble  and  in  terms  of  the  smallest  Landolt  ring  in  which  the 

gap  could  be  detected  (Ref.  14,8).  For  these  tasks,  the  use 

of  a peripheral  refraction  correction  had  no  effect  on  the 

reductiori  in  visual  ability  away  from  the  fixation  point. 
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Figure  3.5-10.  Visual  Acuity  in  the  Periphery,  These 
figures  show  that  ability  to  resolve  image  details  is  worse 
away  from  the  point  of  fixation. 

Note  that  the  measurements  in  (b)  were  all  less  than  a 
degree  from  the  fixation  point. 
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3.S.2  VISUAL  FIELD  SIZE  (CONTINUED) 


Figure  3.5-11.  Stereo  Acuity  in  the  Periphery.  This  fig- 
ure illustrates  the  fact  that  ability  to  distinguish  differ- 
ences in  distance  is  also  worse  as  a function  of  distance 
from  the  fixation  point. 


I 


Figure  3.5-12.  Contrast  Sensitivity  in  the  Periphery. 
These  figures  illustrate  that  the  ability  to  distinguish  small 
differences  in  luminance  between  a target  and  its  back- 
ground also  decreases  with  distance  away  from  the  fixa- 
tion point,  at  least  for  stationary  targets.  Part  (a)  of  this 
figure  is  based  on  the  same  experimental  techniques  as 
Figure  3.1-16.  Background  luminance  was  257  cd/m2  (75 
fL)  and  target  duratio  vwas  0.33  second. 

Part  (b)  shows  that  sensitivity  for  a moving  target  tends  to 
remain  constant  into  the  periphery. 
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3.5.3  EYE  ROTATION  GEOMETRY 

RECOMMENDATION: 

In  an  aerial  image  binocular  display  with  small  exit  pupils,  do  not  expect  the  operator  to  make  efficient 
use  of  an  image  field  larger  than  60  degrees. 


Because  the  eye  does  not  rotate  around  the  eye  entrance 
pupil,  alignment  problems  can  occur  when  the  user  of  a 
microscope  type  of  display  turn:  his  eye  to  look  at 
various  portions  of  the  image  field. 


Within  limits,  most  users  are  not  aware  of  the  lateral 
head  movements  they  make  to  compensate. 


Figure  3.5-13.  Eye  Orientation  Display  Optical  Axil. 
The  center  of  rotation  of  the  eye  is  approximately  13 
mm  behind  the  front  surface  of  the  cornea  (Ref.  23), 
which  places  it  approximately  10  mm  behind  the  en- 
trance pupil  of  the  eye  As  a result,  when  the  use'  of 
a microscope  type  of  display  turns  his  eye  to  look  at 
an  off-axis  portion  of  the  im.age,  the  microscope  exit 
pupil  is  r.o  longer  centered  in  his  eye  entrance  pupil. 


; 


I 

!' 


Figure  3.5-14.  Vignetting  as  :ye  Rotates.  Because  of 
the  situation  illustrated  in  thi:  previous  figure,  if  the 
microscope  user  turn:  his  eye  too  far  while  keeping  his 
head  position  fixed,  some  or  all  of  the  light  from  the 
microscope  will  no  longer  enter  his  eye.  These  two 
curves  illustrate  the  amount  of  eye  rotation  at  which 
this  condition,  known  as  vignetting,  begins  and  becomes 
total  (Ref.  24).  Taking  a typical  eye  pupil  diameter  of  3 
mm  as  an  example,  vignetting  would  start  with  an  eye 
rotation  of  5.7  degrees  and  would  be  total  with  a rotation 
of  11.3  degrees. 
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3.5.3  EYE  ROTATION  GEOMETRY  (CONTINUED! 


Figure  3.5-15.  Head  Movement  Required  to  Compensate 
for  Pupil  Movement.  In  order  to  prevent  vignetting  as  the 
eye  is  turned,  the  display  user  must  move  his  head  to  com- 
pensate. Thi'  figure  illustrates  the  amount  of  head  move- 
ment required  to  keep  his  pupils  centered  (Ref.  25).  As  an 
example,  to  turn  from  the  center  to  the  edge  of  a 50- 
degree  diameter  image  field  would  require  abaut  4.5  mm 
of  head  rnovement.  Most  display  users  make  these  com- 
pensating movements  automatically  and  without  ever 
becoming  aware  of  them. 


Figure  3.5-16.  Eye  Rotation  Lin  s.  In  unaided  viewing, 
or  when  viewing  a projection  sc.  'n,  the  ability  to  rotate 
the  head  eliminates  the  need  for  lai  eye  rotations  with- 
in the  head.  However,  with  a binocular  display  that  re- 
quires each  eye  to  be  at  a relatively  fixed  distance  from 
the  eyepieces,  head  rot.ttion  is  virtually  eliminated.  As  a 
result,  useful  field  size  is  at  least  partially  limited  by  how 
far  the  eyes  can  rotate  comfortably.  The  very  limited 
information  available  on  this  topic  is  summarized  here. 

The  author  of  the  study  v/ith  the  monocular  telescope 
states  ". . . eye  rotation  beyond  30  degrees,  while  physi- 
cally possible,  was  uncomfortable;  usually  the  subject 
prefer.-ed  to  rotate  his  head. . . beyond  the  30-degree  eye- 
rotation  angle. . . ."  Apparently  this  was  a general  observa- 
tion, not  based  on  any  direct  measurements  on  each  of 
the  subjects. 

For  the  four  subjects,  head  position  was  fixed  and 
they  were  asked  to  indicate  the  limits  for  comfortable 
prolonged  viewing  of  an  imaginary  rear  projection 
screen.  Data  were  collected  for  each  eye  separately, 
without  moving  the  head,  and  the  smaller  values  In 
each  direction  were  averaged.  The  range  of  average 
values  for  the  tour  subjects  is  illustrated. 
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3.5.4  DISPLAY  FIELD  SIZE  AND  VISION 


Tlitf  available  data  suggest  that  display  Held  size  may 
al'I'eet  visual  perl'ormance,  but  only  when  the  field  is 
much  smaller  than  would  be  found  in  most  imagery 


displays.  Additional  data  on  this  topic  are  summarized  in 
Section  3.1.5. 


FIELD 
APERTURE 
DISTANT  CLOSE  TO 
TEST  TARGET 
TARGET  (study  (b)| 


FIELD 

APERTURES 
CLOSE  TO  EYES 
(studies  (a)  and  (c)( 


FIELD  DIAMETER  (degrees) 


Figure  3.5-17.  Field  Size  and  Stereo  Acuity.  Although 
the  studies  illustrated  provide  some  evidence  that  ex- 
tremely c-,all  rields  can  reduce  ability  to  distinguish 
differ  .tees  in  depth,  there  is  no  indication  of  any  signi- 
ficant variation  over  the  range  of  field  sizes  of  concern 
to  the  display  designer. 

The  variation  in  visual  performance  in  Study  (b)  may  be 
due  to  aperture  size,  or  it  may  be  due  to  target  exposure 
time  which  varied  along  with  aperture  si’e.  Whichever 
factor  caused  the  variation  in  performance  with  apertures 
smaller  than  10  degrees,  there  was  little  if  any  improve- 
ment as  the  field  was  increased  from  10  degrees  to  20 
degrees. 


3.5-14 


SECTION  3.5  DISPLAY  FIELD  SIZE 


u 


3.S.5  DISPLAY  FIbLD  SIZE  AND  SEARCH  PERFORMANCE 


RECOMMENDATION: 


For  a display  that  will  be  used  for  rearch,  provide  a display  field  with  a diameter  of  at  least  36  degrees, 
with  a preferred  minimum  of  45  tr  35  degrees. 


Ttie  very  limited  dutu  available  on  image  Field  si/e  and 
search  performance  are  summarized  below.  The  first 
figure  suggests  that  the  image-field  diameter  should  be  at 


least  0 degrees  and  the  second  suggests  that  it  should  be 
at  least  34  degrees  but  probably  need  not  be  more  than 
54  degrees. 

i 


( 1 


C) 


Figure  3.5-18.  Visual  Search  Behavior  with  Small  Display 
Fields.  With  extremely  small  fields,  visual  search  effi- 
ciency may  suffer  because  of  time  lost  while  looking  out- 
side the  display  area.  In  the  experiment  illustrated,  this 
effect  occurred  with  fields  smaller  than  9 degrees  (Ref. 

31  ,B). 


Figure  3.5-19.  Field  Size  and  Search  Performance.  A 

high  quality  experimental  microstercoscope  with  a 72- 
degree  image  field  was  used  to  measure  the  impact  of  fieid 
size  on  se "ih  performance.  Sixteen  interpreters  searched 
for  a range  of  different  sized  targets,  such  as  electronic 
sites,  transformer  substations,  active  construction  site, 
missile  sites,  and  air  fields  on  small-scale,  high-resolution 
imagery.  The  imagery  was  not  in  stereo,  so  two  copies 
were  made  and  mounted  in  registry  on  the  two  film  stages 
in  order  to  provide  a binocular  monoscopic  viewing 
situation. 

As  the  graph  illustrates,  there  was  a large  increase  in  target 
detection  success,  from  27.6  to  42.8  percent  as  the  field 
was  enlarged  from  18  degrees  to  36  degrees.  This  change 
was  statistically  significant  at  P<.01.  With  a further 
enlargement  of  the  field  to  54  degrees,  performance 
increased  to  44.2  percent,  a change  that  was  too  small  to 
be  statistically  significant. 

The  interpreters  who  served  as  test  subjects  in  this  experi- 
ment were  accustomed  to  microscopes  utilizing  Bausch 
and  Lomb  10X  WF  eyepieces,  which  have  a field  of 
approximately  44  degrees  (Section  3.5.1).  It  is  possible 
that  this  experience  prevented  their  taking  full  advantage 
of  the  larger  fields  used  in  the  test. 

The  display  used  in  this  experiment  incorporated  an  excel- 
lent manual  imagery  translation  system,  at  least  for  the 
purposes  of  the  test.  Absence  uf  an  adequate  imagery 
translation  capability  would  probably  make  a large  image 
field  more  important. 
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3.6  VIEVViNG  DISTANCE 


3.6.1  Accommodative  Range  of  the  Eye 

3.6.2  Resting  Position  of  Accommodation  (RPA) 

3.6.3  Preferred  Microscope  Focus  Setting 

3.6.4  Visual  Performance  and  Viewing  Distance 


3.6.5  Screen  Displays 


SECTION  3.6  VIEWING  DISTANCE 
RECOMMENDATIONS 


Providfa  ar  image  distance  in  a binocular  aerial  imcoe  display  that  is  compatible  with  the  eye  convergence 
angle  (Section  S.7.4.2). 

Provide  an  image  distance  in  an  aerial  image  display  of  0.5  to  1.5  diopters  (2.0  to  0.67m,  or  BO  to  26  In). 

The  minimum  viewing  distance  for  real-image  displays  such  as  rear  screen  projectors  is  0.40m  (16  in).  To 
maintain  best  vision  the  maximum  is  2m  (80  in).  Group  displays  may  require  greater  distances.  If  the  user 
must  reach  controls  on  the  display  the  maximum  is  0.71m  (28  in).  (Section  3.6.7.) 


The  display  viewing  distance,  or  separation  between  the 
display  user's  eye  and  the  image  being  viewed,  is 
important  because  it  determines  the  eye  accommodation 
required  to  focus  the  image  on  the  retina.  For  screen 
displays,  though  not  for  aerial  image  displays,  viewing 
distance  also  has  an  effect  on  the  relative  size  of  the 
retinal  image  (see  magnifying  power  in  Figure  3.3-1). 

Tlie  imag*  experienced  by  the  user  of  a screen  display  is 
fixed  in  space  at  an  obvious  location,  the  screen,  and 
there  is  no  question  about  how  viewing  distance  is 
measured.  Because  the  specification  of  viewing  distance 
is  less  apparent  in  an  aerial  image  display,  it  is  defined  in 
Figure  3.6-1. 

Some  of  the  variables  that  affect  selection  of  a best 
display  viewing  distance  are  discussed  in  this  section. 
Some  of  these,  such  as  microscope  focus  preference  data 
(Section  3.6.3),  apply  only  to  aerial  image  displays.  The 
special  features  of  a screen  display  that  may  require  it  to 
be  placed  at  a particular  distance  are  discussed  in  Section 
3.6.5. 

As  Figure  3.6-1  illustrates,  the  user  of  an  aerial  image 
display  can  place  the  image  in  such  a display  at  whatever 
viewing  distance  he  chooses  simply  by  turning  the  focus 
knob.  There  are,  however,  several  reasons  why  the 
designer  of  an  aerial  image  display  may  need  to  fix  the 
image  distance: 

• This  may  be  the  only  image  distance  for  which  the 
display  is  parfocal,  or  remains  in  focus,  as  the 
magnification  is  changed  (Section  3.8). 

• In  a display  that  incorporates  a television  camera  tube 
in  order  io  provide  a television  display  of  the  aerial 
image,  either  at  the  display  or  at  a remote  location. 


the  image  must  be  in  focus  on  the  face  of  the  camera 
tube. 

• If  a reticle  is  present,  it  must  be  at  the  same  optical 
distance  as  the  image. 

• In  theory,  at  least,  this  is  the  image  distance  for 
which  the  optical  design  should  provide  the  best 
image  quality.  However,  with  most  common  types  of 
aerial-image  displays,  large  variations  in  image  dis- 
tance have  little  or  no  effect  on  image  quality  and  it 
is  adequate  for  the  designer  to  simply  assume  that  the 
image  plane  is  at  any  convenient  distance. 

One  drawback  of  fi.Jr.g  image  distance  in  an  aerial  image 
display  is  that  almost  all  spect»-’le  wearers  will  then  be 
forced  to  use  their  spectacles  ^ 'tli  the  display.  (The 
percentage  of  users  who  wear  tp-'etacles  is  discussed  in 
Section  3.9.5.) 

In  a binocular  display,  image  distance  Interacts  closely 
with  the  convergence  angle  between  the  optical  path  to 
each  eye.  This  subject  is  treated  in  Section  3.7.4.2. 

As  is  mentioned  in  Section  1.2,  the  discussion  and 
analyses  in  this  handbook  are  limited  to  emmetropic 
individuals  (those  with  normd  sight)  unless  some  other 
group  is  explicitly  mentioned.  The  most  distant  point  of 
accommodation  for  an  emmetrope  is  approximately 
infinity,  or  0 diopter  (see  Figure  3.8-2). 

With  the  exception  of  Figures  3.8-9  and  -10,  there  is 
only  a little  information  available  on  visual  ability  when 
target  distance  and  eye  accommodation  distance  do  not 
match.  The  kind  of  information  that  is  available  is 
illustrated  by  Figure  3.6-2. 
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Figure  3.6-1.  Image  Distance  in  an  Aerial  Image  Display  (continued) 
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Figure  3.6-1.  Irrtage  Oiitance  in  an  Aerial  Image  Dit- 
pliy.  In  an  aerial  image  display,  the  amount  of  eye 
at  rotthtimljlinn  required  to  focus  the  image  on  ihe  n-liiiti, 
and  hence  the  image  or  nVurriir  ili\tuni  f,  depends  on  the 
I'crj^crifi'  of  the  iight  rays  in  the  ray  bundle  from  a single 
point  in  the  object  being  viewed  as  these  rays  enter  the 
eye.  i\ri;cii<c  is  the  angular  relationship  between  the  rays 
of  light  from  a tingle  object  point.  Vergence  it  usually 
expressed  in  i/rn/j/cri.  or  1 divided  by  the  apparent  dis- 
tance in  meters  td  the  source  of  the  light  rays.  For  light 
rays  arriving  from  a distance  of  1m  (39.37  in),  the  verg- 
ence is  1 diopter  (D).  From  a distance  of  0.2m.  the  value 
is  1/0.2,  or  5 D.  If  a lens  has  been  used  so  that  the  rays  in 
the  bundle  are  parallel  and  therefore  seem  to  come  from 
an  infinite  distance,  the  vergence  is  1/oo,  or  0 D.  If  a lens 
has  been  used  so  that  the  rays  are  converging  rather  than 
diverging  as  they  enter  the  eye,  vergence  is  defined  in 
terms  of  the  distance  to  the  point  where  they  would  inter- 
sect if  not  intercepted  by  the  eye.  In  this  handbook,  dis- 
tances in  the  direction  the  light  is  traveling  are  taken  as 
rsegative,  so  that  the  vergence  of  converging  light  rays  is 
rtegative.  For  example,  if  the  rays  would  intersect  4m 
behind  the  eye.  the  vergence  is  1/-4,  or -0.25  D.  (The  sign 
convention  used  with  spectacles  is  discussed  as  part  of  the 
definition  of  n-jrai  tivv  error  in  the  glossary.  Section  8.0.) 

This  figure  illustrates  how  the  vergence  of  the  light  rays 
entering  the  eye  from  an  aerial  image  display  such  as  a 
microscope  varies  with  the  focus  setting  of  the  display. 
Each  of  the  three  parts  of  the  figure  shows,  for  a single 
focus  condition,  the  paths  of  the  principal  (central)  and 
marginal  members  of  the  ray  bundle  that  passes  from  a 
point  on  the  object  to  a small  ares  on  the  retina.  In  the 


process,  this  bundle  forms  an  itilcnnci/ialv  iiiuxe, 
somewhere  nesr  the  focal  point,  fg,  of  the  eyepiece,  E. 

In  part  ta)  the  intermediate  image  is  to  the  right  of  Fg.  As 
a result,  the  light  rays  from  a single  object  point  are 
diverging  as  they  enter  the  eye.  By  projecting  these  to  the 
left,  it  is  possible  to  determine  their  apparent  (effective) 
source  at  the  display  image  1^,  and  hence  the  viewing  dis- 
tance. d.  The  vergence  and  tne  viewing  distance  in 
diopters  are  l.d.  The  proper  eye  accommodation  is  also 
1/d  diopter. 

In  part  (b).  the  display  focus  control  has  moved  the  object 
to  the  left,  increasing  its  separation  from  the  objective 
lens,  OL,  by  a distance  shown  as  arrow  B.  This  moves  the 
intermediate  image  to  the  left  so  that  it  coincides  with  the 
focal  point  of  the  eyepiece.  The  light  rays  in  the  bundle 
from  a single  object  point  ar«  now  parallel  as  they  enter 
the  eye,  the  image  is  apparently  at  infinity,  and  the  image 
distance  is  1.*«='  0 diopter.  The  proper  eye  accommoda- 
tion is  also  0 diopter. 

In  part  (c),  the  object  to  objective  lens  distance  has  been 
increased  by  an  additional  amount,  C.  This  places  the 
intermediate  in.age  to  the  left  of  *^g  and  results  in  a 
bundle  of  light  rays  that  converges  as  it  enters  the  eye. 
Since  the  apparent  source,  or  point  of  intersection,  of  the 
light  rays  is  to  the  right,  the  value  of  d and  the  vergence  in 
diopters  are  both  negative.  Only  a hyperopic  (farsighted) 
eye  is  capable  of  accommodating  properly  for  converging 
light  rays  (Figure  3.8-2). 
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Figure  3.6-2.  Visual  Ability  and  Refractive  Error.  This 
figure  illustrates  visual  ability  measured  in  the  nfraction 
clinic  as  a function  of  the  amount  of  refractive  error  for 
myopes  (Ref.  1,X).  (See  Figure  3.8-2  for  a discussion  of 
this  term.)  For  astigfmtic  eyes,  the  refractive  errors  in  the 
two  meridians  were  averaged.  The  test  target  distance  was 
probably  5 to  6m (16  to  20  ft.).  Visual  performance  was 
probably  measured  with  standard  clinical  tests,  using  tar- 
gets like  the  Snellen  E illustrated  in  Figure  3.1-11. 

The  right-hand  side  of  the  graph  gives  visual  ability  in 
terms  of  the  common  Snellen  visual  acuity  notation. 
Because  of  the  potential  confusion  involved  with  this  and 
similar  units  for  describing  visual  performance  (Ref.  2), 
these  units  should  not  be  used  in  technical  publications 
for  any  purpose  beyond  noting  that  a ' -st  subject  had 
normal  ability  to  resolve  details  on  a typical  medical  eye 
test  chart. 
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SECTION  3.6  VIEWING  DISTANCE 


3.6.1  ACCOMMODATIVE  RANU?.  OF  THE  EYE 

Dili  stviion  d;ilu  on  llic  jlnliiy  ol  indoul- 

iijis  to  cli.inj,’c  iho  .•i,\oimniK)jtion.  or  toviiv  i!i>ijiin’.  ol 
lik’lt  c>  .*s 


FiguM  3.6-3.  Accomtnodat:«9  Amplitude  end  Age.  The 
at  ciininunlaihc  ami>li!iiiJc,  or  range  of  distances  to  which 
an  indiv;dual  can  focus  his  eyes,  decreases  with  age.  As 
these  two  curves  show,  specific  values  vary,  iargcly 
tiecause  of  differences  in  measurement  technique.  Because 
of  this  and  because  of  the  large  population  range  within  a 
fingle  a<je  group,  whicli  seems  to  remain  fairly  constant  at 
2.5  to  3.5  diopters  over  the  age  range  shown  here  (Ref.  3). 
.igc  c m be  used  to  obtain  only  an  approximate  estimate  of 
an  individual's  accommodative  amplitude. 

Aci'ommr'dative  amplitude  data  are  plotted  here  for 
eniMctropei  (individuals  whose  eyes,  at  minimum  rcfructive 
pnntr  yield  good  vision  for  objects  at  infinity-see 
Figure  3 8-2).  However,  these  same  dioptric  ranges  would 
apply,  with  appropriate  lateral  shifts,  for  myopes  (individ- 
uals whose  eyes,  at  minimum  refractive  power,  are  focused 
for  objects  considerably  closer  than  infinity)  and  for  hypvr- 
opes  (individuals  whose  eyes,  at  minimum  refractive  power, 
are  focused  for  objects  considerably  beyond  infinity).  As 
an  example  averaging  the  two  curves  in  the  figure  indicates 
that  an  average  40-year  old  individual  has  a 4.7-diopter 
accommodatwe  amplitude.  If  this  individual  is  emmetropic, 
he  will  be  able  to  focus  on  objects  located  at  any  distance 
from  0 to  4.7  diopters  (infiri’y  to  0.21m).  If  he  is  3 
diopters  myopic,  he  will  be  able  to  focus  on  objects  at  any 
distance  from  3 to  7.7  diopters  (0.33  to  0.13m).  If  he  is 
3 dio.otc.-s  hyperopic,  he  will  be  able  to  focus  on  objects 
at  any  distance  from  -3  diopters  (beyond  infinity)  to  1.7 
diopters  (0.59m).  (NOTE:  Elsewhere  in  this  handbook, 
the  discussion  is  usually  limited  to  emmetropes  and  fully 
corrected  myopes  and  hyperopcs.) 

The  reducticn  in  accommodative  amplitude  with  age  gener- 
ally begins  to  cause  problems  with  tasks  requiring  f >ne 
visual  discrimination  ol  close  objects  somewhere  in  the  40 
to  50-year  age  range.  Toe  term  applied  to  this  condition 
h presbyopia.  Emmetroi'res  and  hyperopes  will  require  a 
positive  corrective  lens  in  order  to  see  clearly  at  near  dis- 
tances, and  may  wear  this  in  the  form  of  reading  glasses 
or  as  a separate  correction  in  the  lower  part  of  each  spec- 
tacle lens,  as  in  bifocals.  M /opes  may  have  less  difficulty 
with  presbyopia  tsecause,  depending  on  their  refractive 
error,  they  may  be  able  to  see  nearby  objects  adequately 
simply  by  removing  their  spectacles.  Otherwise,  they  will 
also  require  an  additional,  less-negative,  correction  for 
performing  near  visual  tasks. 
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3.G.1  ACCOMMODATIVE  RANGE  OF  THE  EYE  (CONTINUED) 

Fisuri  S.&A.  Um  of  Sp«ctacl«i  to  Comp«nut«  for  Lott 
of  Aocommodativt  Amplitud*.  At  it  menticned  in 
Figure  3.6-3,  the  lost  in  accommodative  amplitude  with 
age  will  at  tome  point  cause  problems  for  the  individual 
performing  a near  visual  task.  If  a display  is  to  be  used 
by  older  individuals,  this  may  also  place  some  restrict- 
ions on  the  best  viewing  distance. 

This  figure  shows  the  viewing  distance  range  acceptable 
for  two  average  individuals,  aged  40  and  55.  Figure  3.6-3 
indicates  that  they  will  have  an  accommodative  amplitude 
of  4.7  and  1.6  diopters,  respectively.  The  40-year-old 
individual  will  therefore  be  able  to  focus  on  objects  as 
close  as  0.21m  (8.4  in).  The  55-year-old  individual,  how- 
ever, will  be  limited  to  an  unaided  distance  of  0.62m 
(25  in).  The  unaided  focus  range  for  each  individual  is 
shown  here  as  U. 

For  nearby  tasks  such  as  reading  or  viewing  imagery  or  a 
display  screen,  the  55-ycar-old  will  require  spectacles  con- 
taining positive  lenses.  The  amount  of  the  correction  is 
usually  selected  to  move  the  individual's  accommodative 
amplitude  range  closer  so  that  it  is  centered  on  the  dis- 
tance where  best  near  vision  is  required  (Ref.  5).  The  most 
commonly  used  distance  is  about  0.4m  (16  in).  As  in 
the  figure  shows,  this  leaves  the  individual  with  a near 
point  of  about  0.3m  (12  in).  If  an  individual  such  as  an 
interpreter  prefers  the  larger  retinal  image  obtained  with  a 
closer  distance,  a positive  lens  with  more  refractive  power 
can  ‘te  used.  For  example,  Cj  would  allow  clear  focus  at 
about  0.25m  (10  in).  However,  this  leaves  a gap  between 
the  accommodative  range  for  near  and  far  vision.  If  any 
objects,  such  as  a second  display,  must  be  viewed  at  this 
distance,  an  additional  spectacle  correction  will  be 
required. 
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3.6.2  RESTING  POSITION  OF  ACCOMMODATION 

Tlie  eye  lus  a prefertcd  I‘(kus  JiManct.,  kiuiwi)  as  the 
lestinit  position  of  acconintodation  (RPA)  (Ref.  (>)■ 
Wien  viewiivt  a target,  the  accommodation  in  use  is 
generally  a compromise  between  the  viewing  distance  to 
the  target  and  the  RPA.  Factors  that  reduce  vision,  sue! 
as  a reduction  in  scene  luminance  or  elimination  of  scene 
details  and  factors  that  reduce  the  impact  of  a focus 
error  on  image  quality,  such  as  a small  pupil,  tend  to 
result  in  an  accomnusdation  closer  to  the  RPA  and 
farther  from  the  target. 

In  theory,  placing  the  image  in  either  a screen  or  an 
aerial  image  display  at  an  indivit’ual’s  RPA  will  reduce 


visual  fatigue  because  it  ininiii'i/e$  the  effort  required  to 
keep  the  image  in  fiKus.  Some  of  the  available  data  on 
average  RPA  values  are  summarized  in  Figures  3.6-5  and 
-6  below. 

As  Figjre  3.6-5  shows,  the  RPA  varies  svtdely  among 
individuals.  It  must  also  vary  within  an  individual  over 
age.  particularly  past  an  age  of  about  40.  If  it  is  possible 
to  provide  each  individual  with  a different  viewing 
distance,  it  miglit  be  desirable  to  do  so,  at  least  within 
the  limitati(,.is  of  keeping  a reasonable  match  to  eye 
convergence  angle  as  is  described  in  Section  3. 7.4. 2. 
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RESTING  POINT  OF  ACCOMMODATION 
(diopteril 


Figure  3.6-5.  Resting  Position  of  Accommodation.  Tbit 
figure  thow<  tbe  frequency  distribution  of  restmg  position 
of  accomiTiodation  (RPA)  values  measured  in  total  dark- 
ness on  124  college  age  observers  (Ref.  7.B).  The  standard 
deviation  of  these  values  it  0.7  diopter. 

The  effect  of  age  on  the  RPA  can  be  seen  in  another 
study,  where  young  adults  had  a similar  average  of  1.7 
diopter,  but  presbyopes  had  an  average  of  only  0.8  diop- 
ter (Ref.  8,xi.  The  value  obtained  for  presbyopes  would, 
of  course,  vary  with  accommodative  amplitude  (Figure 
3.6-3). 
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SECTION  3.6 


VIEWING  DISTANCE 


3.6.2  RESTING  POSITION  OF  ACCOMMODATION  (CONTINUED) 


Fijuf*  3.6-6.  Impact  of  LumiMiKf  on  Accommodativ* 
Error.  The  ev*  generally  eccommodatei  to  a distance 
intermediate  between  the  scene  being  viewed  and  the  rest- 
ing position  of  accommodation  (RPA).  As  these  cuofes 
illustrate,  the  error  increases  markedly  at  low  illumination 
levels  (Ref.  9,0.  This  finding  helps  explain  why  visual 
performance  under  very  low  illumination  conditions  is 
best  for  a target  at  a distance  that  matches  the  subject  s 
RPA  (Figure  3.6-10). 


SECTION  3.6  VIEWING  DISTANCE 


3.6.3  PREFERRED  MICROSCOPE  FOCUS  SETTING 


Tilt  focuj  wttings  made  by  microscope  user*  . rovide  arr 
indication  of  the  viesving  distance  they  find  most 
satisfactory  and  to  a limited  extent  predict  how  a 
microscope  type  of  imagery  display  will  be  adjusted.  Tlie 
tendency  is  to  fiKus  to  an  image  distance  considerably 


closer  than  infinity,  a phenomenon  that  has  been 
referred  to  as  imtrunicnt  myopia  (Ref.  10).  There  is 
strong  evidence  that  instiumem  myopia  is  due  to  tt  t 
resting  point  of  accommodation  phenomenon  discussed 
in  Section  3.6.2  (Ref.  6). 
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Fisur*  3.6-7.  Focus  Settings  for  Monocular  Miootcopet. 
Subjects  tended  to  focus  monocular  microscopes  to  that 
the  image  distence  was  several  diopters  clour  than  infinity. 
If  they  were  required  to  approach  their  final  setting  from  - 
a particular  direction,  without  reversals,  the  final  setting 
was  displaced  toward  their  starting  point.  This  finding  has 
a direct  design  application.  For  example,  if  a viewing  dis- 
tance near  infinity  is  desirable,  the  focusing  mechanism 
and  instructions  should  require  the  display  user  to  start 
with  the  image  beyond  optical  infinity.  If  he  then  moves 
it  closer  until  it  is  in  focus,  it  should  be  as  close  to  infin- 
ity as  he  can  accept. 

Although  it  is  not  illustrated,  in  Ref.  1 1 the  variation 
among  subjects  was  approximately  35  percent  greater 
when  they  started  with  an  image  that  was  too  close  and 
moved  it  in  only  one  direction  than  when  they  started 
with  it  too  distant. 


Figure  3.6-8.  Focus  Settings  for  Binocular  Micro- 
scopes.  This  figure  illustrates  how  focus  settings  of  binoc- 
ular microscoper  varied  with  the  convergence  angle 
between  the  eyepieces.  This  variation  approximated  the 
theoretically  correct  rehtionship  between  eye  converg- 
ence and  viewing  distance  indicated  by  the  broken  line. 
(See  Section  3.7.4. 2. 1 
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SECTION  3.6  VIEWING  DISTANCE 


3.M  VISUAL  PERFORMANCE  AND  VIEWING  DISTANCE 


This  section  summari/es  the  best  of  the  available  studies 
on  the  relationship  between  viewing  distance  and  visual 
performance. 


VIEWING  DISTANCE  ImcurtI 
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Figurt  3.6-9.  Variation  in  Vision  with  Viawing  Dit- 
tanca.  The  best  of  the  many  studies  relating  visual  per- 
formance to  viewing  distance  are  summarized  here.  Curve 
(c)  shows  that  portion  of  the  data  from  Figure  3.7-13  in 
which  there  was  no  indication  of  any  reduction  in  per- 
formance because  the  convergence  angle,  0 did  not  match 
the  viewing  distance. 

Although  these  studies  are  not  in  full  agreement,  they 
strongly  suggest  a reduction  in  vision  as  the  target  moves 
either  too  close  or  too  far  away. 

The  point  at  which  visual  performance  begins  to  drop  as 
viewing  distance  is  reduced  is  not  clearly  defined,  but  it 
appears  to  be  somewhere  between  1 and  2 diopters  (1  and 
0.5m).  It  is  important  to  note  that  tha  subjects  In  all  of 
these  studies  still  had  the  ability  to  focus  their  eyes  over  a 


wide  range  of  distances.  If  they  had  been  extremely  pres- 
byopic (see  Figure  3.6-3)  their  visual  performance  would 
have  dropped  much  faster  ai  the  target  moved  closer. 

The  two  largest  studies,  (a)  and  (c),  indicated  a drop  in 
visual  performance  as  the  viewing  distance  approached 
optical  infinity,  while  two  others,  (b)  and  (d),  did  not. 
This  discrepancy  may  reflect  differer  :es  in  how  ade- 
quately the  test  subjects  were  correned  for  distant  vision. 
That  is,  spectacles  are  generally  prescribed  on  the  basis  of 
performance  on  an  acuity  test  located  at  a distance  of 
0.20  to  0.16  diopter  (4.9  to  6.1m,  or  16  to  20  ft).  This 
fact,  in  combination  with  the  "least  minus/most  plus" 
rule  for  prescribing  spectacles,  results  in  many  individuals 
having  a maximum  distance  for  clear  vision  that  is  one  to 
several  tenths  of  a diopter  short  of  infinity  (Ref.  19). 


SECTION  3.6  VIEWING  DISTANCE 


3.8.4  VISUAL  PERFORMANCE  AND  VIEWING  DISTANCE  (CONTINUED) 


3.&S  SCREEN  DISPLAYS 

The  data  discussed  in  the  previous  portions  of  Section 
3.6  apply  to  screen  displays  such  as  CRl's  and  rear 
screen  projectors  just  as  they  do  to  aerial  image  displays. 
That  is.  the  range  of  viewing  distance  for  best  vision  is 
0.67  to  2.0m  (26  to  80  in).  However,  viewing  distance 
for  screen  displays  deserves  special  attention  because 
they  introduce  complications  not  present  with  aerial 
image  displays.  It  is  usually  physically  more  difficult  to 
adjust  viewing  distance  for  a real  display,  and  such 
adjustment  causes  changes  in  apparent  image  size  and 
quality  that  may  not  be  desirable. 

Several  factors  affect  selection  of  tlie  viewing  distance 
for  screen  displays.  First,  the  nearest  point  for  comfort- 
able prolonged  visual  work  is  classically  quoted  as  0.40m 
(16  in)  (Ref.  20).  Justifying  this  precise  value  is  difficult, 
particularly  since  young  adults  can  easily  work  with 
visual  materials  at  much  closer  distances.  However, 
reading  spectacles  for  presbyopes  are  generally  pre- 
scribed to  provide  good  vision  at  this  distance  and  it  is 


Figure  3.C-10.  Veriation  in  the  Impect  of  Viewing  Dis- 
tance with  Luminance.  The  impact  of  viewing  distance  on 
vision  varies  with  other  parameters,  such  as  scene  lumi- 
nance. In  the  experiment  illustrated  (Ref.  9,0,  the  four 
subjects  had  resting  positions  of  accommodation  (RPA, 
Figure  3.6-5)  ranging  from  1 to  2 diopters  and  their  visual 
acuity  was  generally  best  in  this  region.  The  effect  of 
viewing  distance  was  not  constant,  however,  being  consid 
erabty  larger  at  the  lower  luminance  levels.  The  implica- 
tion for  imagery  displays  is  that  viewing  distance  becomes 
more  important  at  the  luminance  is  lowered. 


therefore  a reasonable  minimum  if  many  individuals  over 
age  40  to  45  are  to  use  the  display  (see  Figures  3.6-3  and 
-4). 

A second  consideration  in  determining  viewing  distance 
is  the  quality  of  the  image.  The  display  should  be  far 
enough  from  the  user  so  that  the  irrelevant  details  such 
as  the  scan  lines  on  a CRT  or  the  grain  on  a projection 
screen  are  not  objectionable,  but  it  should  not  be  so  far 
away  that  information  is  no  longer  visible.  Section  3.1 
describes  some  of  the  visual  parameters  that  are  useful  in 
making  this  type  of  analysis,  and  Section  4.4  illustrates 
its  application  to  CRT  displays. . ' 

If  the  operator  must  adjust  controls  located  adjacent  to 
the  display,  the  maximum  distance  is  limited  to  approxi- 
mately 0.71m  (28  in).  (For  some  precise  limits,  refer  to 
Section  6.1.5).  In  some  cases,  difficulties  in  providing 
adequate  illumination  will  limit  display  size  and,  in  turn, 
maximum  useful  viewing  distance. 
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SECTIONS.?  BINOCULAR  VIEWING 


The  term  bim  atlar  applies  to  any  viewing  situation  and 
to  any  display  that  involves  the  of  both  eyes. 
Binocular  displays  fall  into  two  distinct  classes: 

• Devices  that  produce  a single  image  seen  by  both 
eyes;  these  include  most  icreen  displays. 

• Devices  that  produce  two  separate  images,  one  for 
each  eye;  these  include  most  binocular  aerial  image 
displays. 

Wliile  some  parts  of  this  section  apply  to  any  bim'cular 
display,  the  principal  concern  is  with  the  design  l.mits 
that  should  be  placed  on  the  location  of  and  differences 
between  the  two  images  produced  by  the  second  class  of 
binocular  display. 


Tlie  design  recommendations  >n  this  document  are 
based,  insofar  as  possible,  on  nuantitative  data  collected 
under  controlled  conditions.  In  most  instances,  this 
means  visual  performance  data.  Little  direct  reference  is 
made  to  problems  referred  to  generally  as  visual  fatigue 
or  visual  discomfort.  There  is  no  question  that  such 
problems  are  teal  and  potentially  serious  (Ref.  1),  and  it 
is  even  likely  that  they  arc  frequently  caused  by  poor 
design  or  adjustment  of  the  display  features  treated  in 
tliis  section,  especially  for  interpreters  working  for 
extended  periods  at  tasks  such  as  searcii  or  mapping.  The 
difficulty  is  that  although  many  attempts  have  been 
made,  there  is  no  ade()uatc  test  data  relating  visual 
fatigue  or  discomfort  to  specific  features  of  the  viewing 
situation  in  a way  that  allows  display  design  limits  to  be 
set  (Ref.  2). 


SECTION  3,7  BINOCULAR  VIEWING 


3.7.1  TERMINOLOGY 

riicto  is  considiMable  ci.iiUisiun  in  ilic  iiletature  aboul 
the  iiifaiiiiig  ol  niatiy  of  tin.’  terms  that  serve  to 
dillerentiale  types  of  displays  and  describe  their  charac- 
teristics. Therelore,  certain  nl'  the  terms  essential  to  the 
development  ot  Utsipn  limits  lor  binocular  displays  arc 
defined  below.  (Others  appear  in  the  Glossary.)  Where 
possible  these  definitions  have  been  adapted  from 
lecoyni/ed  authorities  ( Ref.  3). 

Tlie  first  group  of  terms  concerns  types  of  displays. 
S'veral  diffeient  versions  of  binocular  displays  are 
illustrated  in  f igure  3.7-1. 

• Uailar-A  general  term  referring  either  to  an  eyepiece 
or  to  the  eye. 

• M'lnncular  \ single  eyepiece,  or  involving  only  one 
eye. 

• Binoivlar- both  eyes;  any  optical  system  ot  viewing 
situation  that  involves  both  eyes. 

• Biocular specific  type  of  binocular  optical  system 
in  which  both  eyes  share  an  optical  element  with  a 
single  axis  of  symmetry  (Ref.  4).  In  Figure  3.7.  l,(b), 
(c),  and  (d)  illustrate  typical  variations.  Biocular 
displays  which  also  have  large  exit  pupils,  such  as(c) 
and  (d),  can  present  special  image  registration  prob- 
lens  if  distortion  and  image  location  change  differ- 
ently for  the  two  eyes  as  they  move  within  the  exit 
pupil  (Ref.  5). 

A second  group  of  terms  distinguishes  between  displays 
used  to  view  a single  piece  of  imagery  or  a stereo  pair. 

• Monoscopic -The  display  user  views  a single  piece  of 
imagery. 

• Stcreoscopic-The  display  user  views  two  pieces  of 
imagery,  one  with  eacit  eye,  that  have  been  collected 
from  different  orientations  relative  to  the  ground. 
When  these  are  fused  visually  the  lateral  disparity 
causes  a sensation  of  depth.  (See  Section  5.1  Ref.  6.) 

The  third  group  of  terms  concerns  the  geometric 
relationships  between  the  two  images  in  a binoculor 
display.  Two  aspects  of  the  registration  of  these  two 
images  must  be  considered,  their  alignment  relative  to 
the  display  user,  and  the  amount  of  oisparity,  or 
unequalness,  between  them.  In  order  to  define  these  it  is 
useful  to  consider  the  two  images  as  consisting  of  many 
pairs  of  corresponding  points,  each  pair  being  the 


representation  of  a single  point  on  the  ground  (or  on  a 
reticle  if  one  is  present). 

• Alignment  Ihe  position  of  the  two  images,  relative 
to  the  display  user,  in  angular  units.  Always  specified 
as  cither  lateral  or  vertical  alignment. 

• iMtetial  Alignment  The  convergence  angle,  or  angle 
between  the  visual  axes,  necessary  for  the  display  user 
to  fixate  on  corresponding  points  in  the  two  images. 
(This  definition  does  not  imply  that  the  user  is 
necessarily  able  to  achieve  such  a convergence  angle 
with  his  eyes.)  For  an  object  at  infinity  viewed 
without  optical  aids,  the  visual  axes  of  the  eyes  would 
be  parallel  and  the  convergence  angle  would  be  zero. 

• Vertical  Alignment -The  vertical  position  of  the  two 
images  relative  to  each  other.  Vertical  alignment  is 
usually  expressed  as  misalignnxnt,  or  the  deviation 
from  a condition  of  perfect  alignment.  If  there  is  no 
vertical  misalignment  present,  when  the  display  user 
fixates  exactly  on  corresponding  points  in  the  two 
images  the  visual  axes  define  a plane.  (This  definition 
does  not  imply  that  the  visual  axes  intersect.  Whether 
or  not  they  intersect  also  depends  on  the  lateial 
alignment  between  the  two  images.)  The  amount  of 
vertical  misalignment  is  the  total  deviation  of  the 
visual  axes  from  this  plane.  It  is  usually  expressed  in 
angular  units  such  as  arc  minutes  or  milliradians. 

• Disparity-A  difference  in  the  two  im  .ges.  That  is, 
some  pairs  of  corresponding  points  have  an  alignment 
different  than  the  alignment  of  other  pairs.  In  a 
monoscopic  display  this  could  result  from  differences 
in  distortion  in  the  two  optical  paths  or  because 
reticle  alignment  differs  from  the  alignment  of  the 
two  images  of  the  imagery.  Disparity  is  inherent  in 
stereo  imagery,  wheie  it  serves  to  encode  differences 
in  ground  elevation  (Sections  5.1.1  and  5. 1 .2). 

A term  related  to  this  third  group  of  terms  is  phoria.  It  is 
the  angular  relationship  between  the  visual  axes  of  the 
two  eyes  when  there  is  no  stimulus  for  fixation  present. 
Phoria  is  a characteristic,  therefore,  of  the  individual, 
not  the  display. 

Registration  limits  are  expressed  here  as  visual  angles 
because  that  is  how  they  are  experienced  by  the  user. 
They  can  easily  be  converted  into  other  dimensions, 
such  as  lineal  distance  on  the  imagery,  using  the 
relationships  discussed  in  Sections  3.5.1  and  5.3.1. 


SECTION  3.7  BINOCULAR  VIEWING 


3.7.2  ADVANTAGES 


The  advantages  of  a binocular  display  can  be  summar- 
ized quickly.  In  addition  to  being  mote  comfortable  and 
convenient  for  most  display  users,  visual  performance  is 
better  when  two  eyes,  rather  than  only  one,  are  used. 
The  reported  improvement  ranges  from  S to  10  percent 
for  visual  acuity  (Ref.  7,X)  and  is  approximately  40 
percent  for  modulation  sensitivity  (Ref.  8,C).  If  illumin- 
ation is  limited  and  mist  be  split  between  the  two  eyes, 
there  will  be  some  loss  in  visual  performance  (see 
Section  3.2).  However,  at  typical  display  luminance 


levels  this  loss  is  considerably  less  titan  the  inprovement 
due  to  using  both  eyes  (Ref.  8,C). 

Whenever  possible,  therefore,  displays  should  be 
designed  for  binocular  viewing.  The  major  exception  is  a 
simple  display  such  as  a tube  magnifier.  Much  of  the 
appeal  of  this  type  of  device  is  due  to  its  small  size  and 
ease  of  use  and  these  advantages  may  be  lost  if  sufficient 
optical  elements  are  added  to  allow  binocular  use. 
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SECTION  3.7  BINOCULAR  VIEWING 


3.7.3  INTERPUPILLARY  DISTANCE  (IPDl  ADJUSTMENT 

RECOMMENDATION: 

Provide  an  IPD  range  of  at  least  5C  to  76  mm,  with  46  to  78  mm  preferred. 

Provide  a scale  calibrated  in  1.0  mm  increments  to  indicate  IPD  setting.  For  situations  where  IPD  is 
critical,  such  as  stereo  photogrammetry  of  color  imagery,  add  a vernier  so  that  the  IPD  setting  can  be 
repeated  to  within  0.1  mm  (see  Sections  5.2.6  and  5.3.7). 

Provide  a convenient,  obvious  means  of  adjusting  and  locking  IPD. 
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Figure  3.7-2.  Interpupillary  Distance  (IPD)  Distribu- 
tions. With  a small  exit  pupil  display,  the  interpupillary 
distance  (IPD)  must  be  adjustable  over  a range  adequate 
for  the  entire  population  of  expected  users.  This  figure 
summarizes  some  of  the  available  data.  As  the  blanks  indi- 
cate, equivalent  points  in  the  distribution  are  not  always 
reported.  In  addition,  IPD  values  outside  the  range  shown 
here  have  been  reported.  For  example,  one  former  inter- 
preter reportedly  had  an  IPD  of  46  mm  (Ref.  12,X). 

Based  on  the  data  shown  here,  the  IPD  range  suggested  by 
one  authority  (Ref.  13),  50  to  76  mm,  is  adequate.  If  the 
cost  is  not  excessive,  increasing  this  range  a few  milli- 
meters is  desirable  because  it  will  ensure  that  even  the 
occasional  very  large  or  very  small  IPD  user  will  be 
accommodated. 

Image  field  size  (Section  3.5)  and  eye  relief  (Section  3.9) 
set  a lower  limit  on  eyepiece  diameter,  which  in  turn  sets 
a lower  limit  on  IPD.  Compromise  between  these  variables 
may  therefore  be  required. 

Making  the  method  of  adjusting  IPD  obvious  and  con- 
venient will  reduce  the  chance  of  equipment  damage  from 
an  improper  action  such  as  pushing  directly  on  the  ends  of 
eyepiece  tubes.  A scale  is  desirable,  and  is  essential  if 
problems  with  chromostereopsis  are  to  be  avoided  when 
measuring  colored  imagery  (see  Section  5.2.6  and  5.3). 

Figure  3.7-3.  IPD  Reduction  With  Eyepiece  Convergence. 
Interpupillary  distances  are  generally  measured  with  the 
subject  looking  at  a distant  object  so  that  his  eyes  are 
parallel.  The  entrance  pupil  of  the  eye  is  located  approxi- 
mately 10  mm  in  front  of  the  center  of  rotation  of  the 
eye.  As  a result,  when  the  eyes  converge,  the  distance 
between  the  entrance  pupils  is  decreased.  The  total 
reduction  in  IPD  for  a convergence  angle  of  8 degrees  is 
approximately  1.4  mm  (Ref.  14). 

For  critical  applications,  it  may  be  necessary  to  consider 
this  reduction  in  IPD  with  eye  convergence.  For  example 
when  measuring  color  imagery  on  a stereo  comparator, 
the  user  may  need  to  set  in  his  particular  IPD  very  precise 
ly  in  order  to  minimize  errors  resulting  from  the  color  of 
the  target  (see  Sections  5.2.6  and  5.3.7).  If  the  compara- 
tor has  converging  eyepieces,  a correction  of  the  type 
shown  here  will  be  necessary.  This  could  be  in  the  formo 
a conversion  chart,  or  perhaps  as  a second  scale  perma- 
nently fixed  to  the  eyepieces  that  shows  equivalent 
parallel-eye  IPD  instead  of  the  actual  separation  between 
the  display  exit  pupils. 
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SECTIONS.?  BINOCULAR  VIEWING 


3.7.4  IMAGE  REGISTRATION  IN  MONOSCOPIC  DISPLAYS 


Tliis  section  covers  image  registration  in  binocular 
displays  used  to  view  a single  piece  tif  imagery.  Most  of 
the  test  data  presented  here  also  applies  to  the  visual 
situation  in  stereo  displays,  but  because  the  two  pieces 
of  imagery  in  a stereo  display  can  be  moved  relative  to 
each  other,  the  implications  for  display  design  arc  much 
dif.'erent.  Registration  requirements  for  stereo  displays 
are  treated  in  Section  3.7.5. 

Even  thougli  this  section  deals  with  design  limits  for 
monoscopic  displays,  steieo  acuity  data  appear  fre- 
quently. In  some  situations,  this  is  because  they  are  the 
only  good  data  available.  Also,  stereo  acuity  provides 
one  of  the  most  sensitive  indications  of  the  ability  of  the 
two  eyes  to  function  together,  and  it  is  therefore 
relevant  if  one  desires  to  obtain  full  benefit  from 
providing  an  image  to  each  eye.  (See  the  comparison  of 
monocular  and  binocular  vision  in  Section  3.7.2.) 
Perhaps  the  primary  problem  with  using  stereo  acuity 
data  is  that  it  may  lead  to  more  restrictive  design  limits 
than  would  other  measurements  such  as  binocular  visual 
acuity;  in  practice  this  ntiy  compensate  for  the  lack  of 
data  on  visual  comfort. 

Vertical  and  lateral  registration  are  treated  separately  in 
the  sections  that  follow.  However,  the  designer  must 
keep  in  mind  that  if  an  image  rotation  capability  is 
provided  in  the  optical  train,  vertical  and  lateral  can  be 
interchanged.  In  general,  the  most  restrictive  design  limit 
would  then  apply  in  both  directions. 

Several  ideas  relevant  to  the  problem  of  developing  and 
applying  image  registration  design  limits  are  treated  in 
the  paragraphs  immediately  following. 

Considerable  use  is  made  in  the  following  sections  of  test 
data  on  the  maximum  misregistration  that  will  not  cause 
a doubling  of  the  image.  Tliis  may  or  may  not 
correspond  to  the  point  at  which  visual  discomfort  or 
blurring  begin.  For  example,  when  measuring  the  ability 
of  the  eyes  to  change  alignment  in  the  refraction  clinic, 
discomfort  and  image  blurring  usually  occur  well  before 
fusion  is  lost  (Ref.  15).  On  the  other  hand,  in  the 
experiment  involving  rotation  tolerances  for  geometric 
targets  illustrated  in  Figure  3.7-20,  the  subjects  report- 
edly never  experienced  discomfort. 


Tlie  frequency  and  duration  of  experience  with  a 
particular  viewing  situation  can  have  a complex  effect  on 
how  much  »)f  a problem  it  is.  With  time  and  effort, 
individuals  can  adapt  to  some  situations  that  would  be 
disruptive  with  brief,  intermittent  exposure.  For  exam- 
ple, many  interpreters  can  view  stereo  imagery  without 
optical  aids  (Figure  5.1-16),  indicating  that  they  are  no 
longer  bound  by  the  normal  relationship  between 
viewing  distance  and  eye  convergence  discussed  in 
Section  3.7. 5. 2.  Also,  Figure  3.7-7  illustrates  how 
intermittent  exposure  to  a vertical  mis;dignment  of  17 
arc  minutes  resulted  in  a drastic  loss  of  stereo  acuity, 
even  thougli  in  another  study  dedicated  subjects  were 
apparently  able  over  time  to  adapt  to  vertical  misalign- 
ments 10  to  20  times  as  large  (Ref.  16). 

Tile  obvious  conclusion  to  be  drawn  from  the  previous 
paragraph  is  that  the  impact  on  the  display  user  of  poor 
image  registration  is  reduced  with  continued  exposure. 
Unfortunately,  this  conclusion  is  contradicted  by  the 
common  experience  that  in  many  difficult  viewing 
situations  the  sensations  of  visual  fatigue  and  discomfort 
clearly  increase  with  time.  Perhaps  the  best  that  can  be 
done  is  to  simply  try  to  provide  a viewing  situation  that 
is  acceptable  whatever  the  frequency  and  duration  of 
use. 

Wtien  attempting  to  draw  conclusions  from  experimental 
data,  the  complexity  of  the  visual  scene  must  be 
considered.  Compared  with  a simple  image  containing 
only  a few  geometric  shapes  such  as  dots  and  lines,  an 
image  containing  many  details  provides  a stronger 
stimulus  for  fusion  and  increases  tolerance  to  some  kinds 
of  misalignment.  This  is  illustrated  by  Figure  3.7-20,  and 
by  the  normal  experience  that  in  a floating  dot  stereo 
comparator  the  dot  is  more  likely  than  the  ground  scene 
to  appear  double.  With  effort,  tliis  effect  of  image 
complexity  can  be  overcome.  For  example,  by  concen- 
trating on  the  fioating  dot  it  can  be  made  to  appear 
single  and  the  ground  scene  double. 

One  of  the  most  important  principles,  when  considering 
limits  on  image  disparity,  is  that  tolerance  increases  with 
distance  from  the  fixation  point.  Typical  data  appear  in 
Figure  3.7-4. 
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SECTIONS.?  BINOCULAR  VIEWING 


3.7.4  IMAGE  REGISTRATION  IN  MONOSCOPiC  DISPLAYS  (CONTINUED) 


TYPICAL  TEST  IMAGES 


FIXATION 
POINT 

TARGETS 

LEFT 

YE 

IMAGE 


DISPARITY 


RIGHT  COMBINATION 

EYE 

IMAGE 


DISTANCE  FROM  FIXATION  POINT 
(degrei*',) 


Figure  3.7-4  Variation  in  Disparity  Tolerance  With 
Retinal  LoLaiion.  The  veitical  diipanty  necei«aiy  'o 
produce  double  vision  is  least  at  th»‘  lixat'on  point,  or 
nominal  center  of  the  jm  cu,  and  increases  peripherally 
(Ref.  17,X ).  As  tne  results  obtained  by  the  four  different 
experimenters,  I,  II,  III,  and  IV,  illustiate,  there  is  much 
disagreement  on  the  rate  of  increase. 
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Figure  3.7-5.  Summary  of  Image  Registration  for  Mono- 
scopic  Displays.  For  each  of  ihe  six  parts  of  Section 
3.7.4,  this  figure  lists  the  particular  aspect  of  image  regis- 
tration discussed  and  surrmarizes  the  resulting 
conclusions. 
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3.7.4.1  VERTICAL  ALIGNMENT  IN  MONOSCOPIC  DISPLAYS 

RECOMMENDATION: 

Limit  the  vertical  misalignment  between  images  presented  to  the  two  eyes  in  a monoscopic  display  to  10 
arc  minutes.  To  ensure  visual  comfort  for  very  sensitive  users,  or  for  tasks  that  place  a particularly  severe 
demand  on  vision,  such  as  photogrammetry,  it  may  be  necessary  to  reduce  this  value  by  half. 


Figure  3.7-6.  Vertical  Misalignment.  These  images  of  a 
road  intersection  illustrate  how  excessive  vertical  mis- 
alignment in  a monoscopic  display  results  in  a double 
■mage.  Smaller  amounts  may  simply  result  in  discom- 
fort or  a blurred  image. 

riecause  the  eyes  do  not  normally  change  their  vertical 
alignment,  tolerances  are  much  smaller  in  the  vertical 
than  in  the  lateral  direction.  In  the  refraction  clinic, 
for  example,  blurring  or  doubling  of  the  image  typically 
occurs  when  vertical  misalignment  reaches  34  to  102  arc 
minutes  (Ref.  18,B).  In  this  situation,  visual  discomfort 
often  occurs  with  a much  smaller  alignment  error:  unfor- 
tunately no  specific  values  have  been  published. 

To  some  extent,  the  eyes  can  be  trained  to  accept  an  in- 
correct .i;ignment.  Dedicated  subjects  have  repcnedly 
obtained  acceptable  vision  with  up  to  3 degrees  nf  verti- 
cal misalignment  (Ref.  19,C),  and  after  a lo  tc  ?daptation 
period,  a vertical  misalignment  of  1 degree  uid  not 
degrade  performance  on  an  M-1  range  finder  (Ref.  20, X). 
Because  imagery  displays  must  provide  a comfortable 
viewing  situation  and  are  normally  used  intermittently, 
neither  these  values  nor  the  34-  to  102-arc-minute  value 
measured  in  the  refraction  clinic  provide  much  guidance 
in  setting  design  limits. 


CHANGE  IN  ALIGNMENT 
RELATIVE  TO  FIXATION 
POINT  (arc  minutes) 


Figure  3.7-7.  Reduction  in  Vision  With  Alternations  in 
Vertical  Alignment.  In  a study  of  the  effect  of  exposure 
to  frequent  alternations  in  vertical  alignment,  subjects 
judged  which  of  two  diamond-shaped  figures  was  closest 
(Ref.  21,0.  The  difference  in  distance  corresponded  to 
a lateral  disparity  of  0.2  arc  minute,  which  is  about  twice 
the  minimum  that  can  be  detected  (see  Figure  3.7-19). 
Three  things  occurred  simultaneously  at  the  beginning  of 
each  trial;  the  fixation  target  disappeared,  the  alignment 
changed  by  17  or  34  arc  minutes,  and  the  diamonds 
appeared.  The  subjects  were  required  to  respond  both 
quickly  and  accurately,  and  both  categories  of  perform- 
ance suffered,  even  with  the  smaller  alignment  change. 

This  study  did  not  provide  any  information  on  the  effect 
of  continuous  exposure  to  a vertical  misalignment. 


SECTION  3.7  BINOCULAR  VIEWING 


3.7.4.1  VERTICAL  ALIGNMENT  IN  MONOSCOPIC  DISPLAYS  (CONTINUED) 


Figure  3./  8.  Variability  it  Vertical  Aligninent  Settingi. 

In  till!  dlisonce  of  good  peiformance  data  on  which  to 
base  di'sigii  limits,  it  is  useful  to  consider  how  much 
vertical  misalignment  display  users  find  acceptable.  The 
only  available  data  are  from  a very  preliminary  study  in 
which  SIX  subjects  used  a microstereoscope  to  view  two 
identical  photos,  one  before  each  eye  (Ref.  22, D).  They 
moved  one  of  these  freely  along  the  vertical  axis  until 
they  were  satisfied  with  the  alignment.  It  was  not  possible 
to  measure  absolute  alignment  errors,  but  the  variation  in 
the  settings  made  by  each  subject  yielded  standard  devia- 
tions ranging  from  3.2  to  7.3  arc  minutes,  w'th  an  average 
ImcJiatti  of  6.0. 
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Figure  3.7-9.  Estimation  of  Design  Limits.  The  results 
summarized  in  the  previous  figure  do  not  provide  any 
information  on  either  visual  performance  or  comfort. 
However,  they  do  allow  an  estimate  of  the  likelihood 
that  a typical  display  user  could  adjust  vertical  align- 
ment better  than  any  particular  design  limit  and  this 
in  turn  provides  some  indication  ot  whe'her  a particu- 
lar limit  is  grossly  inappropriate. 

For  the  present  purpose,  it  is  reasonable  to  assume  that 
vertical  alignment  setting  errors  are  normally  distributed. 
Then  the  average  standard  deviation  ISD)  of  the  settings 
illustrated  in  the  previous  figure,  plus  published  tables 
of  the  normal  distribution  (Ref,  23),  can  be  used  to  esti- 
mate the  probability  that  a typical  display  user  could 
make  a setting  more  precise  than  any  particular  vertical 
misalignment  allowed  in  the  design.  Extending  this  line 
of  reasoning  one  more  step,  he  probably  wouldn't  be 
dissatisfied  with  the  misalignrrent  unless  he  could  con- 
sistently do  better  himself. 

For  example,  an  average  user  could  do  better  than  5 arc 
minutes  only  60  percent  of  the  time,  suggesting  that  this 
is  too  stringent  a design  limit,  and  he  could  do  better  than 
10  arc  minutes  nearly  90  percent  of  the  time,  suggesting 
that  the  design  limit  should  not  exceed  10  arc  minutes. 

Some  individuals  are  much  more  sensitive  than  others  to 
vertical  misalignment.  The  most  sensitive  of  the  six  sub- 
jects, A in  Figure  3.7-8,  had  a standard  deviation  of  3.2 
arc  minutes,  approximately  half  the  average  value  of  6.0. 
If  the  reasoning  in  the  previous  paragrapfi  is  valid,  he 
would  require  a design  limit  of  only  5 arc  minutes. 
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3.7.4.2  CONVERGENCE  ANGLE  (LATERAL  ALIGNMENT)  IN  MONOSCOPIC  DISPLAYS 

RECOMMENDATION: 


Design  for  an  eye  convergence  angle  of  0to10  degrees,  and  preferably  2 to  10  degrees.  If  viewing  distance 
is  fixed  (Section  3.6),  use  Figure  3.7-13  to  select  a convergence  angle  that  matches  viewing  distance 
to  within  ±2.7  degrees. 


This  section  discusses  some  of  the  factors  involved  in 
selecting  a convergence  angle  for  a binocular  display.  As 
is  noted  in  I'igure  3.7-13,  a convergence  angle  of  0 
degrees,  which  corresponds  to  parallel  eyepieces,  is 
generally  easiest  to  build  but  may  cause  trouble  for  some 
users. 


If  a lateral  phoria  adjustment  (Section  3.7.6)  is  included 
in  the  display,  this  is  equivalent  to  allow’ing  the  subject 
to  adjust  the  convergence  angle. 


Figure  3.7-10:  Eye  Convergence  in  Normal  Unaided 
Vision.  In  natural  unaided  viewing  situations,  in  order  for 
the  separate  images  falling  on  the  two  retinar  tc  be  seen  as 
single,  or  fused,  the  eyes  must  converge  so  that  the  visual 
axes  intersect  at  approximately  the  distance  of  the  object 
being  viewed.  If  this  condition  is  riot  met,  diplopia, 
(double  vision)  will  result.  Normal  visual  experience  does 
not  involve  divergence  of  the  eyes  beyond  parallel. 


VIEWING  DISTANCE  Imetvrj) 
oo 


VIEWING  DISTANCE  (dboters) 


Figure  3.7-1 1 : Relationship  of  Eye  Convergence  Angle  to 
Viewing  Distance.  The  correct  convergence  angle  for 
single  vision  varies  directly  with  viewing  distance 
expressed  in  diopters  (the  inverse  of  the  viewing  distance 
in  meters)  and  with  interpupillary  distance  (IPD ).  This 
figure  shows  convergence  for  the  nominal  average  and 
middle  95  percent  of  tiie  IPD  distribution  in  Section  3.7.3 
(Ruf.  24). 


\ 
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SECTION  3.7  BINOCULAR  VIEWING 


3.7.4.2  COVERGENCE  ANGLE  (LATERAL  ALIGNMENT)  IN  MONOSCOPIC  DISPLAYS  (CONTINUED) 


Figure  3.7.12:  Effect  of  Convergence  Angle  and  Viewing 
Distance  on  Visual  Performance.  The  stereo  acuity  test 
illustrated  in  Figure  5.1-10  was  used  to  assess  the  effect  of 
eight  combinations  of  eye  convergence  angle  and  viewing 
distance  (Ref.  25, B).  As  can  be  seen  in  this  figure,  only 
the  two  viewing  conditions  indicated  by  an  X involved 
values  of  these  two  variables  that  matched  normal 
experience. 

Referring  to  the  data  plotted  in  the  figure,  performance 
appeared  to  be  hurt  by  two  viewing  conditions: 

• When  the  target  was  at  infinity  (0  diopter)  (probably 
because  the  subjects  had  difficulty  focusing  at  that 
distance  (Section  3.6.4)) 

• When  the  viewing  distance  differed  from  a value  that 
matched  the  convergence  angle  by  more  than  0.75 
diopter 

Although  it  is  not  illustrated,  the  reduction  in  perform- 
ance with  a mismatch  between  convergence  and  target 
distance  was  greater  in  subjects  with  less  than  5 diopters 
accommodation.  This  would  include  most  individuals  over 
40  (see  Figure  3.6-3). 

Visual  comfort  ratings  were  also  obtained  and  were  nearly 
identical  with  the  performance  data  illustrated  here. 

The  use  of  a natural  eye  pupil  in  this  study  may  have 
caused  more  sensitivity  to  differences  in  viewing  distance 
than  would  occur  with  a display  incorporating  a typical 
small  exit  pupil  1 mm  or  less  in  diameter  (see  Figures 
3.8-9  and -10), 


Figure  3.7-13.  Convergence  Angle  Design  Limits.  The 

best  viewing  distance  for  a display  is  developed  in  Section 
3.6  as  falling  between  0.5  and  2.0  diopters.  The  evidence 
summari^ed  in  the  previous  figure  indicates  that  the  dis- 
play viewing  distance  should  match  the  user's  eye  con- 
vergence at  least  to  within  0.75  diopter.  For  an  average 
(IPD  = 63  mm)  user,  the  0.75-diopter  (D)  tolerance  in 
distance  corresponds  to  a 2.7-degree  tolerance  in  conver- 
gence, resulting  in  the  preferred  design  region  illustrated. 

A display  with  a convergence  angle  of  zero  is  appealing 
because  it  wilt  generally  be  less  expensive  to  build  and 
easier  to  align  than  one  involving  convergence.  The 
acceptable  design  region  illustrated  will  allow  zero 
convergence  so  long  as  the  design  viewing  distance  is 
between  0.5  and  0.75  diopter.  However,  there  is  some 
very  tentative  evidence  that  a few  interpreters,  perhaps 
as  many  as  5 percent  will  have  d'l.xulty  fusing  the  images 
in  a zero-convergence  display  (Ref.  26).  This  suggests  the 
desirability  of  providing  at  least  a couple  degrees  of 
convergence. 

Most  individuals  can  actually  diverge  their  eyes  slightly 
beyond  parallel  (Ref.  27).  Since  such  a condition  is 
not  a part  of  normal  visual  experience,  it  should  be 
carefully  avoided  in  a display. 
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3.7.4.3  VERTICAL  DISPARITY  IN  MONOSCOPIC  DISPLAYS 

RECOMMENDATION: 

Limit  the  vertical  disparity  between  points  separated  by  only  a few  degrees  in  a monoscopic  display  to  5 
arc  minutes.  (Figure  3.7-4  can  be  used  as  a guide  for  relaxing  this  tolerance  for  points  separated  by  greater 
distances.) 


Figure  3.7-14.  Vertical  Disparity.  Vertical  disparity  can 
generally  occur  in  a monoscopic  display  only  if  a sepa- 
rate reticle  is  displayed  to  each  eye  or  if  there  is  a con- 
siderable difference  in  the  distortion  introduced  by  the 
two  optical  paths. 

In  the  illustraticn,  a cross  reticle  appears  slightly  higher 
before  the  right  than  before  the  left  eye  and  this  dif- 
ference, dy  is  the  virtual  disparity.  If  the  vertical  dis- 
parity is  too  large,  it  is  not  possible  to  fuse  the  two  sepa- 
rate images  (Ref.  28).  Because  the  ground  scene,  in  this 
case  a road  intersection,  is  usually  the  stronger  stimulus 
for  fusion,  it  will  generally  be  seen  as  single  and  the  reticle 
will  blur  or,  as  in  the  figure,  it  will  be  seen  double.  In 
some  situations,  a very  small  vertical  disparity  will  even 
yield  a sensation  of  depth  (Ref.  29). 


COMFORT  LIMIT  FOR  COMPLEX  RETICLE 
I RECOMMENDED  IN  REF.  30 

I i I I 

0 5 10 

VERTICAL  DISPARITY 
(arc  minutes) 


Figure  3.7-15.  Comfort  Limits.  The  only  available  data 
on  the  reduction  of  visual  comfort  because  of  veitical 
disparity  were  obtained  with  a complex  reticle  type 
pattern  used  as  a head-up  display  in  aircraft  (Ref.  30,0.  It 
was  viewed  against  a monoscopic  display  of  static  and 
moving  aerial  imagery.  Tolerance  varied  widely  among 
subjects,  but  an  extensive  and  informal  data  analysis 
yielded  a recommendation  by  the  authors  to  limit  vertical 
disparity  to  3.4  arc  minutes. 
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SECT. ON  3.7  binocular  VIEWING 

3.7.4.3  VERTICAL  DISPARITY  IN  MONOSCOPIC  DISPLAYS  (CONTINUED) 


Figure  3.7-16.  Ability  to  Discriminate  Depth.  This  figure 
illustrates  the  loss  in  ability  to  perceive  depth  as  vertical 
disparity  increased  (Ref.  31  ,C).  The  test  consisted  of  two 
dots.  In  one  set  of  trials,  the  target  dot  was  0.5  degree 
above  the  fixation  dot,  while  in  the  other  set,  it  was  4 
degrees  to  one  side. 

Although  the  small  number  of  subjects  and  small  quantity 
of  data  make  it  difficult  to  decide  exactly  at  what  dis- 
parity value  the  loss  is  significant,  there  is  even  a sugges- 
tion of  a lost  at  the  smallest  disparity  value  used,  5 arc 
minutes. 


Figure  3.7-17.  Variability  in  Vertical  Disparity  Settings. 

As  in  the  case  of  vertical  alignment  considered  in  the  pre- 
vious section,  the  ability  of  display  users  to  adjust  out  the 
vertical  disparity  in  a display  provides  some  insight  into 
setting  design  liini*;.  Two  of  the  six  subjects  discussed 
in  Figure  3.7-8,  F and  G,  made  settings  both  with  and 
without  a small  opaque  dot  reticle  present.  Contrary  to 
expectations,  the  variability  of  thr'.r  settings  was  nearly 
the  same  in  both  situations. 

Because  only  two  of  the  subjects  made  settings  >vith  a 
reticle  present,  the  best  estimate  for  the  average  varia- 
bility in  vertical  disparity  adjustments  is  not  the  average 
for  these  two,  but  instead  is  the  6.0-arr-mlnute  average 
tor  tne  entire  six  suDjects. 

Therefore,  the  comments  about  vertical  alignment  design 
limits  in  Figure  3.7-9  also  apply  here.  Because  of  the 
additional  data  available  on  the  problem  of  vertical  dis- 
parity illustrated  in  Figures  3.7-15  and  -16,  they  have 
somewhat  less  impact  here. 
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3.7.4.4  LATERAL  DISPARITY  IN  MONOSCOPIC  DISPLAYS 

RECOMMENDATION: 


Limit  the  lateral  disparity  between  points  separated  by  only  a few  degrees  in  a monoscopic  display  to  5 
arc  minutes.  If  all  sensation  of  depth  must  be  avoided,  reduce  this  limit  to  1 arc  minute,  with  a preferred 
limit  of  one-third  this  value,  or  0.3  arc  minute. 
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Figure  3.7-18.  Lateral  Disparity.  Lateral  disparity  (di_)  is 
like  vertical  disparity  (Figure  3.7-14)  in  that  it  can  gener- 
ally occur  in  a monoscopic  display  only  if  a separate 
reticle  is  displayed  to  each  eye  or  if  there  is  a considerable 
difference  in  the  distortion  introduced  by  the  two  optical 
paths.  It  differs  from  vertical  disparity  in  that  moderate 
amounts  clearly  yield  the  sensation  of  depth.  (See  discus- 
sion in  Section  5.1.)  It  also  differs  in  that  considerably 
more  lateral  than  vertical  disparity  can  be  tolerated  before 
the  image  appears  double  (see  ReL  17). 

As  with  vertical  disparity,  the  ground  scene  is  usually  a 
stronger  stimulus  for  fusion  than  the  reticle,  so  it  is  the 
reticle  that  appears  above  or  below  the  ground,  or  as  a 
double  image.  If  the  images  of  the  reticle  diverge,  as  in 
the  illustration,  the  reticle  will  appear  to  be  below  the 
surface  of  the  ground.  If  the  reticle  images  converge, 
the  reticle  will  appear  to  be  closer  than  the  ground.  A 
diverging  disparity  is  sometimes  referred  to  as  uncrossed 
and  a converging  one  as  crossed. 


Figure  3.7-19.  Effects  of  Specific  Lateral  Disparities.  A 

single  image  and  the  sensation  of  depth  can  be  obtained 
over  an  approximate  range  of  three  orders  of  magnitude 
of  lateral  disparity.  At  one  extreme,  under  good  viewing 
conditions,  skilled  individuals  can  discriminate  a difference 
in  depth  equivalent  to  0.1  arc  minute  and  most  car  detect 

0. 5  arc  minute.  At  the  other  extreme,  experienced  users 
of  floating  dot  comparators  can  with  effort  fuse  a dot 
reticle  with  more  than  100  arc  minutes  of  converging  or 
15  to  40  arc  minutes  of  diverging  disparity.  The  strongest 

1. ttpression  of  depth  occurs  with  somewhat  smaller  dis- 
parities; according  to  one  source,  the  upper  limit  for 
simple  geometric  objects  is  10  .si'c  minutes. 

Design  limits  for  imagery  displays  fall  between  these 
extremes  and  depend  somewhat  on  the  need  to  elimi- 
nate any  sensation  of  depth  in  the  image.  In  most 
situations,  a converging  disparity  is  more  acceptable 
than  a diverging  one.  The  best  available  comfort 
I mits  were  obtained  for  a display  situation  where  the 
sensation  of  depth  was  neither  useful  nor  directly 
harmful.  This  was  an  aircraft  head  up  display  (HUD) 
consisting  of  a complex  reticle  pattern  viewed  against 
a moving  ground  scene.  Visual  comfort  limits  were 
3.4  arc  minutes  of  diverging  disparity  and  8.6  arc  minutes 
of  converging  disparity.  (This  is  the  same  study  used  in 
Figure  3.7-15.) 

Design  limits  based  on  a requirement  to  eliminate  any 
sensation  of  depth  must  be  considerably  smaller,  probably 
much  less  than  1.0  arc  minute. 
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3.7.4.D  IMAGE  ROTATION  DIFFERENCE  IN  MONOSCCPIC  DISPLAYS 

RECOMMENDATION: 

Limit  the  rotation  difference  between  the  two  images  in  a binocular  display  to  an  amount  that  will  not 
exceed  the  permissible  vertical  misalignment  over  the  usable  image  field.  Referring  to  Figure  3.7-22,  if  the 
permissible  vertical  misalignment  is  10  arc  minutes  {Section  3.7.4.2),  the  rotation  difference  limit  for  a 
usable  display  field  radius  of  20  degrees  is  0.5  degree. 

If  image  rotation  capability  is  included  in  the  display,  locate  it  in  front  of,  rather  than  after,  the  optical 
element  that  splits  the  image  for  the  two  eyes,  thereby  eliminating  rotation  differences  due  to  operator 
misadjustment.  If  this  is  impossible,  at  least  incorporate  locks  on  the  two  controls  to  prevent  accidental 
rotation. 


A rotution  ditYcroncc  cjn  occur  in  u nionobcopic 
bihocuLir  Uisplay  because  ol  poor  aliymneiil  or.  in  ilie 
case  of  an  insiruineni  llul  allows  iinaee  rotation  at  each 
eyepiece,  because  of  poor  adjustment  by  the  user. 
Ohsersalion  sugitests  that  witii  some  dispi  w's  such 
rotation  differences  are  a serious  source  ol'  visual 
problettK. 


Allhoiiyh  there  ate  soiite  data  on  how  latjte  a rolatioti 
diflercnce  is  acceplahle,  the  best  available  approach 
in  seiime  desijm  limits  is  to  consider  the  vertical  mis- 
aliitnment  introduced  by  the  rotatioti  difference. 


Figure  3.7-20.  Tolerance  for  Image  Rotation.  The  results 
of  Study  I (Ref.  36, B)  illustrate  how  the  acceptable 
amount  of  rotation  difference  decreases  with  the  radius 
of  the  image  field  and  increases  with  the  complexi'y  of 
the  target.  In  this  study,  the  test  subject  fixated  at  the 
center  of  the  image  field,  and  the  rotation  difference  was 
increased  slowly  until  he  indicated  that  the  target  began 
to  appear  double.  The  subjects  did  not  report  visual  dis- 
comfort at  any  stage  of  the  test  (Ref.  37);  this  might  not 
apply  to  the  considerably  larger  field  typical  of  an 
imagery  display.  Also,  their  tolerance  was  reduced  by 
mild  stressors  such  as  lack  of  sleep.  A particularly  inter- 
esting result  of  another  study  in  this  series  was  that 
rotation  differences  of  this  type  are  fused  by  the  central 
nervous  system,  ra’her  than  by  rotation  of  each  eye 
around  its  visual  axis  as  had  been  believed  previously 
(Ref.  38,B). 

Study  II  was  a very  limited  test  of  how  well  subjects 
could  eliminate  rotation  differences  between  members 
of  five  stereo  pairs  viewed  in  a display  with  a field  radius 
of  10  degrees  (Ref.  39, D).  Each  subject  made  10  settings, 
and  the  absolute  values  of  his  errors  were  averaged.  For 
the  16  subjects,  the  5th  and  95th  percentile  average  errors 
were  1.0  and  2.2  degrees.  This  range  is  plotted  here. 
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SECTION  3.7  BINOCULAR  VIEWING 


3.7.4.S  IMAGE  ROTATION  DIFFERENCE  IN  MONOSCOPIC  DISPLAYS  (CONTINUED) 


Figure  3.7-2t.  Image  Rotation  Geometry.  The  effect  of 
rotating  the  image  to  one  eye  in  a binocular  display  is  to 
create  vertical  and  lateral  misalignment  that  increases  with 
the  rotation  {0).  The  display  user  will  experience  more 
misalignment  (m(_  and  my)  as  he  shifts  his  line  o)  sight 
further  from  the  center  of  rotation. 


Figure  3,7*22.  Conversion  of  Image  Rotation  Difference 
to  Linear  Misalignment.  The  usable  image  field  is  limited 
to  the  distance  from  the  center  of  the  field  over  which 
the  vertical  and  lateral  misalignment  are  acceptable.  The 
most  restrictive  limitation  is  the  10  arc  minutes  developed 
in  Section  3.7.4. 1 for  vertical  misalignment.  On  this  basis 
a rotation  difference  of  0.5  degree  would  not  cause  an 
unacceptable  vertical  misalignment  within  approximately 
20  degrees  of  the  center  of  the  field  (Ref.  40). 
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3.7,4.6  IMAGE  SI^E  DIFFERENCE  (MAGNIFICATION)  IN  MONOSCOPIC  DISPLAYS 

RECOMMENDATION: 

Limit  the  difference  in  size  between  the  two  images  in  a binocular  display  to  an  amount  that  will  not 
exceed  permissible  vertical  misalignment  over  the  usable  image  field.  Referring  to  Figure  3.7-27,  if  the 
permissible  vertical  misalignment  is  10  arc  minutes  (Section  S.7.4.2),  the  image  size  difference  limit 
for  a usable  display  field  radius  of  20  degrees  is  0.8  percent. 


TIiok;  arc  two  ways  a biniKular  display  can  cause  a 
dil't'crent  si/e  image  to  be  presented  to  each  eye.  The 
most  obvious  cause  is  a dilTerence  in  magnification 
between  the  two  optical  trains.  With  some  instruments, 
an  image  si/e  dilterence  can  also  be  caused  by  a 


dilTerence  in  focus  between  the  two  optical  trains.  Tliis 
iniglit  occur  because  the  user  has  removed  spectacles 
that  provide  a different  correction  for  each  eye.  or 
because  the  instrument  is  tilted  with  respect  to  the 
imagery. 


RECOMMENDED  LIMIT 

ADAPTATION 

IN  TWO  DESIGN  HAND- 

POSSIBLE 

BOOKS  (Rel.  41) 

1 1 1 

(Ret.  42) 

( 1 1 

0 0.5  t.O 

1.5  2.0  2.5 

IMAGE  S'ZE  DIFFERENCE  (percent) 

Figure  3.7-23.  Other  Limits  on  Image  Size  Differences. 

A maximum  image  size  difference  in  binocular  displays  of 
1 percent  has  been  recommended  by  some  authorities. 

Over  a period  of  days,  dedicated  test  subjects  can  adapt  to 
image  size  differences  of  twice  this  am  unt,  but  only  with 
considerable  effort. 


Figure  3.7-24.  Normally  Occurring  Image  Size  Differences. 
The  distribution  of  im.age  S'ze  differences  reported  for  two 
populations  is  illustrated  (Ref.  43, C).  A difference  of  1 
percent  is  generally  considered  a potential  cause  of  visual 
problems  in  the  refraction  clinic,  but  much  smaller  differ- 
ences can  be  troublesome  (Ref.  44).  For  example,  differ- 
ences of  0.25  to  0.50  percent  reportedly  caused  visual 
discomfort  and  serious  constant  and  variable  errors  for 
photogrammetrists  engaged  in  contour  mapping;  these 
problems  were  usually  successfully  eliminated  by  the  pre- 
scription of  special  size  correcting  lenses  (Ref.  45). 
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3.7.4.6  IMAC£  SIZE  DIFFERENCE  (MAGNIFICATION)  IN  MONOSCOPIC  DISPLAYS  (CONTINUED) 


Figure  3.7-25.  Reduction  in  Stereo  Acuity  With  Image 
Size  Differences  in  a Microstereoscope  (Ref.  46,C).  Image 
size  differences  reduced  ability  to  discriminate  depth  in 
the  stereo  acuity  test  illustrated  in  Figure  5.1-1 1 and  used 
in  the  study  in  Figure  3.7-12.  A size  difference  along  only 
one  axis,  as  wou'd  occur  with  anamorphic  magnification 
had  less  effect  than  a size  difference  in  both  directions.  (P 
is  the  probability  that  the  performance  reductions 
observed  were  due  to  chance  variation  in  the  data.) 


Figure  3.7-26.  Geometry  of  Image  Size  Differences.  A size 
difference  between  the  images  in  a binocular  display  will 
be  seen  by  the  user  as  a misalignment  in  the  vertical  (my) 
and  lateral  (m|_)  directions.  The  amount  cf  this  misalign- 
ment increases  with  the  amount  of  the  size  difference  and 
with  the  distance  from  the  center  of  the  field. 


Figure  3.7-27.  Conversion  of  Image  Size  Difference  to 
Linear  Misalignment.  The  usable  image  field  is  limited  to 
the  distance  from  the  center  of  the  field  over  which  the 
vertical  and  lateral  misalignment  are  acceptable.  The 
most  restr. Clive  limitation  is  the  10  arc  minutes  developed 
in  Section  3.7.4. 1 for  vertical  misalignment.  On  this  basis, 
a size  difference  of  0.8  percent  would  not  cause  an  unac- 
ceptable vertical  misalignment  within  approximately  20 
degrees  of  the  center  of  the  field  (Ref.  47). 
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3.7.5  IMAGE  REGISTRATION  IN  STEREOSCOPIC  DISPLAYS 


lnia>!C  roi>iNlialiiin  in  stereoscopic  displays  is  considered 
in  this  section.  Because  the  I'actors  involved  are  nearly 
the  same  as  those  presented  lor  monoscopic  displays  in 
Section  .T7.4,  the  treatment  here  is  primarily  in  terms  of 
additions  and  exceptions  to  that  section. 

One  special  problem  in  stereoscopic  displays  is  distortion 
differeticcs  between  the  met  ibers  of  a stereo  patr 
obtained  at  a hijdi  obliqiii'y  anple.  Compensation  for 
these  distortions  with  anamorphic  magnification  is 
treated  brielly  in  Section  .‘5.1.4. 

The  discussion  in  the  following  parts  of  this  section 
applies  to  the  typical  stereoscopic  display  in  which  the 
user  can  move  the  itnajtcs  of  two  members  of  the  stereo 
pair  relative  to  each  other.  If  this  is  not  possible,  for 


example  because  the  two  pieces  of  imagery  are  per- 
manently attached,  then  the  more  restrictive  alignment 
limits  developed  for  monoscopic  displays  in  Section 
3.7.4  apply. 

If  the  stereoscopic  alignment  is  determined  by  some 
automatic  device  such  as  an  optical  or  electrical  corre- 
lator, the  additional  problem  of  variation,,  in  alignment 
<wer  time  can  arise.  There  are  no  directly  relevant  test 
data,  hut  it  is  likely  that  such  variations  will  be  more 
troublesome  than  constant  alignment  errors  of  equal 
si/e.  Until  test  data  are  available,  the  suggested  design 
limit  for  variations  in  alignment  over  a short  period,  say 
a few  seconds,  is  the  1 0-arc-minute  value  developed  in 
Section  3.7.4. 1 for  vertical  alignment.  This  limit  should 
apply  in  both  the  vertical  and  lateral  directions. 


a7.5.1  VERTICAL  ALIGNMENT  IN  STEREOSCOPIC  DISPLAYS 


Tltere  is  no  good  way  to  establish  a design  limit  for 
vertical  alignment  of  the  optics  in  a stereoscopic  display. 
The  two  images  must  be  aligned  to  the  same  limits  as  in 
a monoscopic  display,  but  because  the  display  user  can 
move  them  relative  to  each  other  the  exact  alignment  of 
the  optics  is  not  critical.  In  fact,  limited  observation  of 
stereo  imagery  set  up  by  various  interpreters  indicates 
tltat  small  but  noticeable  differences  in  vertical  align- 
ment among  individuals  are  comnxm. 

Ideally,  the  misalignment  of  the  field  edges  should  be 
small  enougli  that  it  does  not  interfere  with  fusion  of  the 
imagery.  There  are  no  good  data  available.  Because  the 
area  outside  the  field  is  dark  and  one  of  the  images  will 


always  be  visible  in  the  area  of  overlap,  tins  is  probably  a 
fairly  weak  source  of  interference,  at  least  for  the  large 
field  typical  of  imagery  displays.  Also,  as  Figure  3.7-4 
illustrates,  any  effect  decreases  rapidly  with  distance 
from  the  fixation  point  and  hence  with  distance  in- 
ward from  the  edge  of  the  field. 

For  the  sake  of  appearances  the  designer  will  want  to 
limit  vertical  misalignment  to  an  amount  that  is  not 
obvious  to  the  user.  There  is  no  test  data,  but  the 
observations  on  lateral  alignment  discussed  in  the  next 
section  suggest  that  most  users  would  not  notice  a 
degree  or  so  of  field  misalignment. 
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17.5.2  CONVERGENCE  (LATERAL  ALIGNMENT)  ANGLE  IN  STEREOSCOPIC  DISPLAYS 


The  same  basic  considerations  apply  to  lateral  image 
alignment  in  stereoscopic  as  in  numoscopic  displays,  so 
the  same  design  recommendations  given  in  Section 
3.7.4.:  apply. 

However,  as  was  noted  in  Section  3.7.S.1,  in  a typical 
stereoscopic  display  the  user  can  nxwc  the  images 
relative  to  each  other  in  order  to  achieve  whatever  lateral 
alignment  he  desires.  Limited  observation  indicates  that 
the  two  members  of  a stereo  pair  are  usually  positioned 


by  interpreters  so  that  when  they  are  -ecn  fused  the  edge 
of  one  field  is  displaced  laterally  several  degrees  from  the 
edge  of  the  other.  In  one  e.xtieme  case,  two  experienced 
interpreters  were  apparently  satisfied  by  the  stereo 
image  obtained  with  one  field  shifted  relative  to  the 
other  by  approximately  one-third  of  the  40-degree 
display  field  (Ref.  48).  Other  than  the  obvious  result  of 
reducing  the  image  area  seen  in  stereo,  there  are  no  data 
to  indicate  what  impact  this  kind  of  misalignment  has  on 
vision. 


17.5.3  VERTICAL  DISPARITY  IN  STEREOSCOPIC  DISPLAYS 


As  with  monoscopic  displays,  vertical  disparity  can 
occur  in  a stereoscopic  display  because  the  reticle  has  a 
different  alignment  than  the  imagery,  or  because  of  a 
difference  in  the  distortion  introduced  by  the  two 
optical  paths.  Because  the  display  user  has  control  over 
vertical  alignment  of  the  imagery,  significant  disparity 
relative  to  a reticle  will  occur  frequently,  particularly  if 
it  is  a weak  stimulus  for  fusion  such  as  an  opaque  dot.  In 


a stereoscopic  display  additional  disparity  will  result 
from  any  differences  in  the  distortions  present  in  the 
two  pieces  of  imagery. 

Tlte  design  rccomnendations  developed  in  Section 

3.7.4.3  for  monoscopic  displays  are  the  best  available  for 
stereos>:opic  displays. 


a7.5.4  LATERAL  DISPARITY  IN  STEREOSCOPIC  DISPLAYS 


The  comments  in  Section  3. 7. 5. 3 concerning  vertical 
disparity  in  stereoscopic  displays  also  apply  to  lateral 
disparity,  with  the  exception  that  lateral  disparity  will 
also  be  present  because  of  height  differences  in  the 
original  ground  scene.  These  are  treated  briefly  in  Figure 


3.7-19  and  at  some  length  in  Section  5.1.  Lateral 
disparity  not  related  to  such  height  differences  should  be 
kept  to  the  same  limits  developed  in  Section  3. 7.4.4  for 
monoscopic  displays. 
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3.7.6  PHOBIA 

RECOMMENDATIONS: 

A phoria  adjustment  capability  of  +0.6°  vertically  and  +.1.7°  laterally  is  desirable  on  any  display  used 
for  extremely  demanding  visual  tasks  for  extended  periods  of  time,  such  as  a high  precision  stereo  com- 
parator. On  most  other  displays  the  available  data  do  not  justify  the  cost  of  such  an  adjustment.  If 
provided,  a scale  to  indicate  the  null  position  and  the  approximate  amount  of  compensation  in  use  is 
essential. 


Tliis  scflion  is  notably  lackiiii;  in  lost  data  I'roin  whidi  to 
determine  it'  a phoria  adjustment  is  needed  on  a display. 
A larjte  pinrria  is  a well  established  cause  of  problems 
such  as  severe  visual  discomh.rt  or  douhle  vision  and 
generally  requires  clinical  help  in  the  form  rrf  spectacles 
or  eye  e.xercises.  Att  argument  against  providing  a phoria 
udjustnKMit  is  that  if  this  help  is  successful  the  individual 
will  not  need  a phirria  adjustment  mi  his  display,  and  if 
it  is  not  ho  is  ui.’ii  ely  to  remain  in  such  a visually 
demanding  professi-.i.  as  image  interpretation. 

Wliether  smaller  phorias  that  do  not  require  clinical  help 
reduce  visual  performance  and  therefore  require  a phoria 
compensation  capability  cannot  be  ostaPlished  from  the 
available  literature.  Uncorrected  phoria  can  cause  a small 


error  in  the  relative  positioning  of  the  eyes,  so  that  the 
image  of  a single  object  does  not  fall  on  exactly 
corresponding  points  on  the  two  retinas.  Unfortunately, 
there  are  no  test  data  that  show  whether  or  not  this 
reduces  visual  performance  (Ref.  49).  In  the  only  known 
study  that  is  relevant,  the  one  on  stereo  acuity  summa- 
rized in  Figure  3.7-12,  the  subjects  were  selected  to 
include  a typical  range  of  lateral  phorias  and,  with  the 
exception  of  a few  extreme  cases,  phoria  had  no  impact 
on  performance  (Ref.  SO).  An  additional  argument 
against  providing  a phoria  adjustment  is  the  fact  that 
with  most  imagery  viewing  tasks  the  display  user  will 
frequently  shift  his  attention  to  other  objects  where  he 
wii-  not  have  the  advantage  of  any  phoria  adjustment  in 
the  display. 

Figure  3.7-28.  Normal  Vision.  Ideally,  the  balance  within 
the  sets  of  muscles  that  position  the  eyes  is  such  that 
the  visual  axes  intersect  at  the  object  being  viewed.  If 
this  condition  is  not  met.  at  least  approximately,  the 
additional  effort  required  to  maintain  single  vision  can 
lead  to  visual  discomfort,  particularly  with  prolonged 
visual  tasks.  In  extreme  cases,  the  muscle  imbalance 
may  be  sufficient  to  cause  double  vision. 


Figure  3.7-29.  Measurement  of  Lateral  Phoria.  The  angu- 
lar relationship  between  the  eyes  in  the  absence  of  a stimu- 
lus for  fusion  is  known  as  phoria.  It  can  be  measured  by 
using  prisms  to  redirect  the  iines  of  sight  so  that  a scale 
appears  before  one  eye  and  an  index  mark  (^)  before  the 
other.  The  position  in  which  the  test  subject  sees  the 
index  mn.  k on  the  scale  indicates  the  convergence  angle, 

P.  between  his  eyes.  If  the  convergence  angle  is  correct  for 
the  distance  to  the  scale,  as  in  this  illustration,  he  is  said 
to  be  orthopharic. 
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EYE  CONVERGENCE,  0 Idegrees) 
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3.7.6 


PHOBIA  (CONTINUED) 


Figure  3.7-30.  Lateral  Phoria  Types.  If,  in  the  test 
situation  illustrated  above,  the  individual's  eyes  turn 
inward  relative  to  their  proper  position,  so  that  the 
lines  of  sight  intersect  nearer  than  the  scale,  he  has 
esophoria.  If  they  turn  outward,  he  has  exophoria. 


Figure  3.7-31.  Distribution  of  Lateral  Phoria.  The 

orthophoric  condition  is  defined  by  the  normal 
relationship  between  target  distance  and  convergence 
angle  developed  in  Figure  3.7-1 1 ; the  illustration  here  is 
for  an  average  (IPD  = 63  mm)  individual. 

The  population  tendency  is  toward  exoohoria,  or  inade- 
quate convergence,  particularly  at  the  higher  convergence 
angles  required  for  viewing  close  objects  (Ref.  51, X). 


Figure  3.7-32.  Vertical  Phoria.  If  one  eye  terids  to  turn 
up  or  down  relative  to  the  other,  an  individual  is 
said  to  have  a vertical  phoria. 
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3.7.6  PHOBIA  (CONTINUED) 


VERTICAL  PHORIA  (arc  minut»*t) 


VERTICAL  PHORIA  ipntm  diopters) 


Figure  3.7-33.  D istribution  of  Vertical  Phoria  (Ref. 

52,X).  As  one  would  expect  from  the  fact  that  the  lines 
of  the  sic'-t  of  the  two  eyes  do  not  normally  deviate  verti- 
cally, vt  „al  phorias  are  smaller  and  potentially  more 
troublesome  than  lateral  phorias.  In  gener.il,  anything  over 
0.6  degree  is  a potential  source  of  visual  problems  (Ref. 
53).  The  situation  with  vertical  phoria  is  complicated  by 
the  existence  two  distinct  types,  one  of  which  cannot 
be  corrected  with  spectacles  (Ref.  54). 


3.7.7  IMAGE  DISTANCE 


Differences  in  the  (optical)  distance  to  the  two  images  in 
a binocular  display  w.ll  result  if  the  two  optical  trains 
are  not  focused  the  same.  Limited  observations  of 
experienced  interpreters  using  common  displays  such  as 
the  Bausch  and  Lomb  Zoom  70  and  Zoom  240  in  test 
situations  suggest  that  such  differences  may  occur 
frcqueritly.  There  are  no  directly  applicable  data,  but 


because  such  a situation  sets  up  a cor. diet  between  ihe 
accommodative  mechanism  in  the  two  eyes  it  is  likely  to 
contribute  strongly  to  visual  discomfort  during  extended 
periods  of  viewing.  Tliere  is  no  obvious  way  to  eliminate 
this  problem,  but  providing  good  focus  mecitanisms  will 
help.  (.See  Section  3.8.) 


3.7.8  IMAGE  QUALITY 


Figure  3.7-34  summarizes  data  indicating  that  stereo 
vision  is  hurt  more  by  differences  in  quality  between  the 
riglit  and  left  eye  images  than  by  an  equivalent  reduction 
in  quality  of  both  images.  Studies  witli  simple  geometric 


targets  have  obtained  exactly  opposite  results  (Ref. 
55,X).  In  a monoscopic  display  the  user  would  of  course 
have  t!ie  option  of  simply  viewing  the  better  image 
monocularly. 


Figure  3.7-34.  Impact  of  Image  Quality  Differences. 

Test  subjects  made  height  measurements  using  stereo 
photographs  printed  in  focus  and  at  two  levels  of  blur 
(Ref  56, X).  Five  pairs  were  made  up,  one  with  no 
blur,  two  with  one  member  blurred  and  the  other  not, 
and  two  with  both  members  blurred.  Performance 
was  reported  as  the  mean  standard  deviation,  in  micro- 
meters, of  the  measurements  on  a particular  pair. 
Performance  was  hurt  more  when  the  two  eyes  viewed 
different  quality  images  than  when  both  images  were 
the  same  quality. 
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3.7.9  IMAGE  LUMINANCE 

RECOMMENDATION: 

Limit  the  luminance  diffeience  batween  the  two 
is  25%. 

The  only  available  data  on  the  en'eet  of  luminance 
differences  is  a linitted  study  in  wliich  reducing  the 
luminance  of  one  member  of  a stereo  pair  by  50  percent 
reduced  stereo  acuity  by  2.4  percent  (Ref.  56, X). 
Wte'her  this  luminance  ratio  would  have  had  a similar 


• in  a binocular  to  less  than  50%;  a preferred  limit 

elVect  if  more  illumination  had  been  available  was  not 
evaluated.  On  the  basis  of  this  study,  the  luminance 
difference  should  be  less  than  50  percent.  How  much 
less  is  necessarily  arbitrary,  but  a value  of  25  percent  is 
certainly  reasonable. 
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IPD  is  expressed  in  meters.  i 

1 

Some  individuals  can  use  eye  convergence  angles  radically  different  from  the  normal  values  shown  in  order  to  view 
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SECTION  3.8  FOCUS  MECHANISM 


RECOMMENDATION: 

Minimize  the  need  to  refocus  after  imagery  translation  or  a change  in  magnification. 


The  focus  controls  on  an  aerial  image  Jhplay  allow  the 
user  to  obtiiiiv  an  image  at  an  acceptable  distance  by 
changing  the  relative  positions  along  the  optical  a.xis  of 
the  object  (imageiy),  the  image  and  the  optical  elements. 
(Image  distance  for  an  aerial  image  display  is  defined  in 
Figure  3.6-1.) 

In  some  kinds  of  displays  the  user’s  choice  of  image 
distance  is  limited.  For  example,  the  screen  location  in  a 
rear  screen  projector  fixes  image  distance  precisely,  and 
the  presence  of  another  sensor  such  as  a vidicon  may 
place  restrictions  on  it.  Other  reasons  the  designer  may 
need  to  at  least  partially  fix  image  distance  are  consid- 
ered in  the  introduction  to  Section  3.6. 

In  many  imagery  viewing  situations  the  display  user 
adjusts  focus  almost  cumtinuously.  Wiile  searching 
imagery  that  is  moving  relative  to  the  display,  he  may 
have  to  focus  to  compensate  for  variations  in  film  curl 
and  for  changes  in  the  distance  between  the  imagery 
support  surface  and  the  objective  lens  caused  by- 
inadequacies  in  the  mechanical  support  system.  Magnifi- 
cation changes  require  refocusing  many  displays,  particu- 
larly when  a different  objective  lens  is  involved.  Ideally, 


the  display  will  be  designed  so  that  there  is  no  need  for 
refocus  after  the  imagery  is  translated  or  after  magnifica- 
tion is  changed.  A display  that  remains  in  focus  as 
magnification  is  changed  is  said  lu  he  parfocal . Refocus- 
ing is  also  frequent  when  the  magnification  is  sufficient 
to  make  the  blur  in  the  imagery  apparent,  possibly 
because  the  user  is  then  unable  to  be  certain  that  he  has 
the  best  possible  image. 

Ideally,  the  need  to  adjust  the  focus  control  will  be 
reduced  by  constructing  the  display  so  that  the  image 
remains  in  focus  as  the  imagery  is  moved  and  as  the 
magnification  is  changed 

Several  terms  are  used  in  specific  ways  in  this  document. 
Depth  of  field  refers  to  object  space  and  depth  of  focus 
refers  to  corresponding  quantities  in  image  space  (Ref. 
1).  Also,  in  many  biological  micros—- pes  the  display 
focus  control  moves  the  stage  lujiding  the  object  being 
viewed  up  and  down.  T!ie  term  “stage  movement”  will 
be  used  here  to  describe  the  action  of  a focus  control 
even  thougli  may  be  the  objective  lens  or  the  entire 
optical  system  that  actually  moves. 
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SECTION  3.8  FOCUS  MECHANISM 


3.8.1  FOCUS  RANGE  REQUIREMENTS 


RECOMMENDATION: 

Provide  a display  focus  adjustment  capability  of  at  least  i4  dioptors,  and  preferably  ±6  diopters  (Figure 
3.8-3). 

Allow  a difference  in  focus  of  the  two  optical  paths  of  a binocular  display  of  at  least  1.5  diopters,  and 
preferably  3.5-diopters  (Figure  3.8-4). 

Do  not  allow  a difference  in  focus  in  the  two  optical  paths  of  a binocular  display,  whether  introduced  to 
compensate  for  differences  between  the  operator's  eyes  (Figure  3.8-4)  or  to  correct  for  some  misalignment 
in  the  display,  to  cause  an  unacceptable  difference  in  size  of  the  two  images  (Section  3.7.4.6). 

Provide  a scale  to  indicate,  at  a minimum,  the  focus  difference  between  the  optical  paths,  and  ideally  the 
actual  image  distance  in  diopters. 


This  section  considers  the  range  of  image  distances  that 
must  be  provided  by  the  display  focus  mechanism  in 
order  to  satisfy  a reasonable  proportion  of  potential 
users.  The  focus  mechanism  must  also  compensate  for 


several  variables  not  treated  here,  such  as  film  curl,  film 
thickness,  and  location  of  the  film  support  surface 
relative  to  the  objective  lens. 
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Figure  3.8-1.  Optimum  Image  Distance  for  Vision.  As 
Figure  3.8-1  illustrates,  the  focus  control  on  an  aerial 
image  display  moves  the  displayed  image  closer  or  farther 
away  from  the  display  user.  It  is  better  to  express  image 
distance  in  diopters,  rather  than  in  units  of  physical  dis- 
tance such  as  meters,  because  variations  in  objective  lens 
to  image  distance  are  more  directly  related  to  the  former 
unit.  In  addition,  only  a unit  like  the  diopter  provides  a 
means  of  indicating  the  distance  to  the  image  as  it  moves 
away  and,  in  a sense,  goes  beyond  infinity.  The  term 
"diopter"  is  defined  in  the  glossary  (Section  8.0). 

In  Section  3.6  an  optimum  image  distance  for  an  imagery 
display  of  0.5  to  1 .5  diopters  (2.0  to  0.67m)  is  developed. 
As  is  noted  in  the  introduction  to  Section  3.6,  image  dis- 
tance in  an  aerial  image  display  varies  with  focus  setting, 
but  may  be  fixed  by  the  presence  of  a reticle  or  a vidicon, 
or  the  requirement  to  maintain  parfocality  as  magnifica- 
tion is  changed. 


Figure  3.8-2.  Maximum  Viewing  Distance  and  Refractive 
Error.  Individuals  can  be  characterized  by  the  location  of 
the  most  distant  point  at  which  they  can  maintain  clear 
vision.  The  extent  to  which  this  differs  from  infinity  is 
referred  to  as  their  refractive  error. 

Strictly  speaking,  the  best  image  distance  illustrated  in  the 
previous  figure  applies  to  normally  sighted  individuals  or 
to  those  with  refractive  errors  that  have  been  successfully 
corrected  with  spectacles.  If  the  display  has  been  designed 
to  provide  an  image  at  a distance  of  0.5  to  1 .5  diopters, 
individuals  with  an  uncorrected  refractive  error,  and  those 
with  excessive  presbyopia  (see  Figure  3.6-3),  will  need  a 
focus  adjustment  to  compensate.  If  the  imagery-to- 
objective  lens  distance  must  be  held  constant,  this  com- 
pensation must  occur  at  the  eyepieces. 
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SECTION  3.8  FOCUS  MECHANISM 


3.8.1  FOCUS  RANGE  REQUIREMENTS  (CONTINUEDI 


Figure  3.8-3.  Distribution  of  Refractive  Errors.  While 
most  individuals  have  little  refractive  error,  a significant 
number  have  sufficient  error  to  require  compensation  if 
they  remove  their  spectacles  when  using  the  display.  The 
data  in  Section  3.9.5  suggest  that  about  20  percent  of  the 
interpreters  using  a display  would  first  remove  their 
spectacles. 

T.his  curve  snows  the  distribution  of  refractive  errors  in 
the  general  population  (Ref.  2,B).  It  indicates  tliat  :n 
adjustment  range  of  i4  diopters  is  required  to  include  98 
percent  of  the  population,  and  diopters  to  include  99 
percent. 
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Figure  3.8-4.  Refractive  Differences  Between  the  Two 
Eyes.  Most  iridividuals  have  some  refractive  difference 
between  the  two  eyes.  Assuming  they  don't  wear  spec- 
tacles to  compensate,  a difference  in  the  image  distance  in 
the  two  optical  trains  of  *1.5  diopters  must  oe  available 
to  be  sure  of  accommodating  95  percent  of  potential 
users;  ±3.5  would  handle  99  percent.  A range  of  ±3.5 
diopters  is  suggested.  This  should  be  ample,  smee  many 
individuals  with  this  large  a refractive  difference  will  be 
wearing  special  spectacles  to  compensate  for  the  resulting 
image  size  difference  and  they  will  not  remove  these  when 
using  the  display  (Section  3.7.4.61.  Care  should  also  be 
taken  to  ensure  that  a difference  in  image  distance  does 
not  result  in  an  image  size  difference  in  the  display. 
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SECTION  3.8  FOCUS  MECHANISM 


3.8.2  PRIMARY  FOCUS  CONTROL 
RECOMMENDATIONS; 

Use  the  procedure  outlined  in  Figure  3.8-7  to  establish  the  ratio  of  stage  to  focus  control  movement. 

If  focus  control  knob  rotations  of  two  or  more  turns  will  be  frequent,  provide  a coarse  focus  control  or  a 
convenient,  recessible  crank  handle. 

Use  a focus  knob  diameter  of  25  to  75  mm  (1  to  3 in);  50  to  62  mm  (2  to  2.5  in)  is  preferred  unless  the 
resistance  is  very  small  (Figure  6.2-8). 

Limit  focus  knob  resistance  to  11.3  g-m  (16  oz-in)  unless  testing  verifies  that  more  resistance  is  acceptable 
(Figure  6.2-h). 

Keep  the  rat  o of  resistance  to  upward  versus  downward  motion  less  than  2:1. 

Eliminate  noticeable  variations  in  resistance  as  the  control  is  turned. 

Limit  backlash  to  twice  the  depth  of  field  at  the  highest  commonly  used  magnification;  half  this  amount. is 
preferred  (Figure  3.8-8). 

Do  not  use  pushbutton-type  focus  controls  because  they  interfere  with  focusing  by  bracketing  (Figure 
3.8-6). 


The  primary  focus  control  varies  the  separation  of  the 
stage  (imagery  support  surface)  and  the  objective  lens  of 
the  display.  For  a stereoscopic  display  it  varies  this 
separation  for  both  optical  trains  simultaneously  Tlie 
stage  (or  objective  lens)  movement  for  a given  amount  of 
control  movement  must  be  sufficiently  small  that  precise 
stage  positioning  is  possible  at  high  magnification  and 
yet  must  not  be  so  small  that  the  number  of  control 
revolutions  becomes  excessive  at  low  magnification  or 
when  compensating  for  film  curl  or  variations  in  working 
distance  with  different  objective  lenses.  Figure  3.8-7 
provides  an  analytical  technique  for  estimating  the  best 
movement  ratio. 


Size  and  maximum  resistance  for  a focus  control  knob 
are  discussed  in  Figure  6.2-8.  A problem  occurs  with 
some  focus  control  mechanisms  that  raise  and  lower  a 
heavy  display  such  as  a microstereoscope  relative  to  the 
imagery  support  surface.  Unless  part  of  the  weight  is 
supported  with  a spring  or  a counterweiglit,  the  control 
resistance  will  be  much  greater  when  raising  than  when 
lowering  the  display.  There  are  no  established  limits  on 
the  ratio  between  resistance  in  the  two  directions,  but 
experience  suggests  that  some  users  will  be  dissatisfied 
with  a value  much  larger  than  2:1. 
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SECTION  3.8  FOCUS  MECHANISM 


3.8.2  PRIMARY  FOCUS  CONTROL  (CONTINUED) 


Figure  3.8-5.  Estimation  of  Depth  of  Field.  The  depth  of 
field.  ^ of  a display  is  the  total  distance  the  object 
(imagery)  can  move  along  the  optical  axis  that  still  results 
in  adequate  image  quality.  It  is  necessary  to  consider 
depth  of  field  here  because  it  provides  an  estimate  of  how 
far  the  display  user  must  move  the  stage  relative  to  the 
objective  lens  in  order  to  pass  through  the  region  that 
provides  a clear  image.  This  value  is  used  in  the  analysis  in 
Figure  3.8-7. 

The  value  of  A depends  on  diffractum  effects,  on  the 
image  quality  standard  imposed,  and  for  aerial  image  dis- 
plays such  as  microscopes,  on  the  accommodative  ampli- 
tude of  the  display  user  (Ref.  5).  Theoretical  treatment  of 
depth  of  field  is  extensive  but  there  is  little  agreement  on 
how  it  should  be  measured  (Ref.  6). 

The  theoretical  relationship  between  depth  of  field  and 
magnification  (M),  A = 343/M^  mm,  is  based  on  several 
assumptions  (Ref.  5).  For  example,  over  the  range  of  mag- 
nification illustrated,  the  largest  portion  of  A is  due  to  the 
accommodative  amplitude  of  the  display  user.  The  value 
used,  4.0  diopters,  is  the  one  generally  used  in  calculations 
of  this  type  (Ref.  5).  However,  the  data  in  Sections  3.6 
and  3.7.4. 2 suggest  it  may  be  too  large  by  a factor  of  at 
least  2 for  a binocular  display  that  reduces  accommoda- 
tive amplitude  by  fixing  the  eye  convergence  angle. 

The  equation  for  depth  of  field  also  varies  with  the 
amount  of  blur  considered  acceptable  in  the  image.  The 
equation  shown  here  is  based  on  allowing  a point  in  the 
object  to  appear  as  a blurred  disc  2 arc  minutes  in  diam- 
eter in  the  image  (Ref.  5).  A smaller  limit  on  the  site  of 
this  disc  decreases  the  depth  of  field  and  a larger  limit 
increases  it. 

An  equation  for  Abased  only  on  magnification,  such  as 
the  one  shown  here,  is  useful  but  requires  an  assumption 
about  the  relationship  between  magnification  and  numeri- 
cal aperture  (NA).  The  relationship  used  here,  NA  = 
0.0034M,  is  based  on  microstereoscopes  typically  used  for 
viewing  imagery,  such  as  the  Bausch  and  Lomb  Zoom 
240,  operating  over  a magnification  range  of  6 to  BOX 
(Ref.  S).  Because  in  most  presently  available  displays 
numerical  aperture  does  not  continue  to  increase  at  this 
rate  at  higher  magnifications,  the  equation  A = 343/M^ 
probably  underestimates  the  contribution  of  numerical 
aperture  to  depth  of  field  at  magnifications  significantly 
greater  than  BOX. 


Figure  3.8-6.  Focusing  by  Bracketing.  At  low  magnifica- 
tions the  depth  of  field  is  large  enough  that  the  display 
user  can  be  relatively  casual  about  focusing.  At  high  mag- 
nifications correct  focusing  is  more  critical  and  the  best 
setting  can  usually  be  obtained  by  bracketing  the  depth  of 
field.  As  the  figure  illustrates,  this  involves  turning  the 
focus  control  back  and  forth  to  establish  the  control  set- 
tings where  the  image  starts  to  blur  in  each  direction  and 
then  using  this  knowledge  to  position  the  stage  in  the 
approximate  center  of  the  depth  of  field. 
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SECTION  3.8  FOCUS  MECHANISM 


3.8.2  PRIMARY  FOCUS  CONTROL  (CONTINUED) 


Figure  3.8-7.  Determination  of  the  Best  Ratio  Between 
Stage  and  Focus-Control  Movement.  The  previous  two 
figures  provide  a basis  for  setting  limits  on  the  ratio  of 
stage  movement  to  focus  control  rotation. 

At  one  extreme,  the  smallest  control  setting  the  display 
user  can  make  conveniently  shown  here  as  (a),  is  about  1 
to  2 degrees  (Figure  6.2-1 1 ).  In  order  to  use  the  bracket- 
ing technique  of  Figure  3.8-6  effectively,  the  control  rota- 
tion to  move  through  the  depth  of  field  should  be  several 
times  this  large.  An  increase  by  a factor  of  3 would  pro- 
vide a reasonable  minimum  of  3 degrees  rotation  (b);  one 
authority  suggests  10  to  20  degrees  is  best  (Ref.  9). 

As  an  example,  consider  a display  with  a maximum  magni- 
fication of  150X.  Assuming  that  the  curve  in  Figure  3.8-5 
applies,  the  smallest  depth  of  field  for  the  display  is  0.015 
mm.  This  amount  of  stage  or  object  movement  must 
require  at  least  3 degrees  of  focus  control  rotation,  and  a 
full  revolution  of  the  control  must  not  move  the  stage 
more  than  1.8  mm. 

At  the  other  extreme,  effective  use  of  the  bracketing  tech- 
nique requires  that  the  display  user  keep  his  fingers  in 
position  on  the  control.  This  limits  him  to  a comfortable 
rotation  range  estimated  to  be  about  180  degrees.  Assum- 
ing a stage  to  control  movement  ratio  of  1 .8  mm  per  revo- 
lution, the  maximum  stage  movement  possible  using  the 
bracketing  technique  is  then  0.9  mm,  which  corresponds 
in  Figure  3.8-5  to  a display  magnification  of  approxi- 
mately 20X.  This  stage  to  control  movement  ratio  would 
therefore  allow  focusing  by  bracketing  over  a magnifica- 
tion range  of  20X  to  160X. 

A third  consideration  in  the  design  of  the  focus  control 
mechanism  is  the  maximum  stage  movement  required.  If 
the  display  is  not  parfocal,  this  might  be  determined  by 
the  variation  in  working  distance  as  magnification  is 
changed.  If  the  display  is  nearly  parfocal,  the  maximum 
movement  may  be  determined  by  possible  variations  in 
imagery  position.  Whatever  the  cause,  if  the  display  user 
must  frequently  turn  the  focus  control  more  than  about 
two  revolutions,  a coarse  focus  control  should  be  pro- 
vided. Alternatively,  a retractable  crank  handle  could  be 
added  to  the  knob;  unfortunately  these  are  seldom  very 
satisfactory  mechanically. 

Figure  3.8-8.  Impact  of  Backlash.  is  defined 

here  as  the  maximum  focus  control  rotation  that  will  not 
cause  the  stage  to  move.  As  this  figure  shows,  the  stage 
position  lags  behind  the  control  position  by  a distance 
equivalent  to  half  the  backlash. 

When  the  display  user  attempts  to  focus  by  bracketing  the 
depth  of  field,  as  in  Figure  3.8-6,  control  movement  to  go 
from  blur  to  blur,  which  is  the  same  as  going  from  one 
reversal  in  control  movement  direction  to  the  next 
reversal,  is  increased  by  the  am.ount  of  the  backlash.  Since 
backlash  is  usually  a constant  in  terms  of  control  move- 
ment, its  impact  is  greatest  at  high  magnification  where 
focusing  is  more  crlt''.al. 

In  the  absence  of  any  useful  data  (Ref.  10),  backlash 
should  not  exceed  twice  the  depth  of  field  at  the  highest 
commonly  used  display  magnification,  and  preferably  it 
should  be  considerably  less. 


SECTION  3.8  FOCUS  MECHANISM 


3.8.3  DIFFERENTIAL  FOCUS  CONTROL 

RECOMMENDATIONS: 

Provide  a label  to  indicate  the  direction  the  image  moves  for  a particular  control  input. 

If  the  display  permits,  provide  a scale  on  the  differential  focus  control  to  aid  users  in  placing  the  two 
images  at  the  same  distance. 

Allow  rapid  image  movement,  with  a minimum  of  2.0-diopter  variation  in  image  distance  per  quarter  turn 
of  the  focus  ring  on  an  eyepiece. 


Biiioailar  displays  Ihal  providi;  each  eye  with  a separate 
image  must  generally  incorporate  some  method  for 
varying  each  image  distance  independently,  usually  as  a 
focus  ring  on  one  or  both  eyepieces.  This  serves  two 
functions: 

• For  most  users,  it  provides  a means  for  placing  the 
two  images  at  the  same  optical  distance,  even  though 
there  are  differences  in  optical  path  length  or,  in  a 
stereoscopic  display,  differences  in  object  distance. 

• For  those  users  who  remove  spectacles  that  provide  a 
different  correction  for  each  eye,  it  provides  a means 
of  placing  the  two  images  at  the  correct  relative 
distance.  This  latter  group  may  require  up  to  3.5 
diopters  of  differential  focus  (Figure  3.84). 

Misuse  of  a differential  focus  control  is  a potential 
source  of  trouble.  Most  users  don’t  require  a different 
image  distance  for  each  eye  and,  although  there  is  no 
data  on  the  subject,  will  prrtbably  st  ‘'^er  if  they  use  a 
display  that  has  been  adjusted  so  that  such  a difference 
exists.  (Sec  Section  3.7.7.)  The  potential  for  such  a 
difference  is  high  because  a significant  number  of 
experienced  display  users  are  apparently  unable  to 
determine  whether  the  two  images  are  equidistant  (Ref. 
11). 

A display  user  will  have  more  difficulty  placing  the  two 
images  at  the  same  distance  if  he  cannot  concentrate  on 
the  image  he  is  focusing  due  to  interference  from  the 
other  image.  If  he  eliminates  the  interference  by  closing 
one  eye,  he  will  accept  an  image  at  any  distance  within 


his  accommodative  range  (Figure  3.6-3)  and  he  is 
unlikely  to  set  each  image  at  the  same  distance. 

If  a user  finds  he  must  focus  one  eyepiece  at  a time,  then 
because  his  far  p<mt  is  relatively  fixed  while  his  near 
fn)inl  is  higlily  variable,  he  will  be  more  likely  to  make 
the  images  equidistant  if  he  places  each  as  far  away  as 
possible  (Ref.  12).  Most  individuals  are  not  consciously 
aware  of  the  distance  to  an  aerial  image,  so  to  use  this 
technique  the  display  user  must  be  told  which  way  to 
move  the  differential  focus  controls,  preferably  by 
means  of  labels  on  the  controls.  If  the  eyepieces 
converge,  when  he  finishes  focusing  each  image  sepa- 
rately, he  will  probably  have  to  move  both  images  closer 
with  the  primary  focus  control  in  order  to  make  the 
viewing  distance  match  the  eyepiece  convergence  angle 
(Figure  3.7-13). 

Before  implementing  the  focusing  technique  in  the 
previous  two  paragraphs,  it  should  be  tested  to  ensure 
that  it  does  not  interfere  with  obtaining  parfocality 
across  variations  in  magnification.  Wliether  it  is  incor- 
porated or  not,  labeling  on  the  focus  controls  to  indicate 
which  way  they  move  the  images  is  desirable. 

All  users  would  benefit  by  the  addition  of  a detent  or  a 
scale  like  that  on  the  eyepieces  of  binoculars  to  indicate 
when  the  images  are  at  a particular  distance.  In  displays 
where  the  differential  focus  adjustment  must  compen- 
sate for  differences  in  optical  path  length,  such  a scale 
may  not  be  feasible. 
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SECTION  3.8  FOCUS  MECHANISM 


3.8.3  DIFFERENTIAL  FOCUS  CONTROL  (CON  FINUFO) 

Focusing  to  make  the  two  images  equidistant  is  made 
more  dilTicult  by  the  fact  that  the  eye  clianges  accom- 
modation in  response  to  changes  in  image  distance, 
particularly  when  the  distance  varies  slowly.  T>)  reduce 
this  tendency  the  dilTerential  f»>cus  control  should  allow 
rapid  changes  in  image  distance.  In  the  absence  of  useful 
test  data,  it  is  estimated  that  a quarter  turn  of  an 
eyepiece  focus  ring  should  provide  at  least  a d.O-diopter 
change  in  image  distance. 

Action  of  the  differential  focus  controls  should  be 
positive  in  both  directions.  With  many  of  the  displays 
commonly  used  for  viewing  imagery,  rotation  of  the 


3.8.4  FOCUS  CONTROLS  FOR  REAL  IMAGE  DISPLAYS 

Tlie  design  recommendations  developed  in  Section  3.8.2 
for  aerial  image  displays  also  apply  to  real  image  displays 
such  as  rear  screen  projectors.  However,  because  the 
image  distance  is  fixed  by  the  screen  position,  the  user’s 
accommodative  amplitude  is  no  longer  a factor  in  the 
depth  of  field,  and  the  values  in  Figure  3.8-5  must  be 


focus  ring  in  one  direction  extends  the  eyepiece  while 
rotation  in  the  other  direction  retracts  the  ring  but 
leaves  the  eyepiece  behind,  forcing  the  user  to  push  it  in 
manually.  Apparently  this  results  from  reducing  eye- 
piece clearance  sufficiently  to  maintain  adequate  optical 
alignment.  If  this  problem  cannot  be  eliminated  with  a 
focusing  ring  type  of  control,  it  would  be  easier  to 
obtain  proper  focus  by  simply  sliding  the  eyepiece  in 
and  out  manually  and  then  locking  it  in  place  with  a 
screw  or  a lockring.  The  design  should  allow  one-hand 
operation. 


reduced  accordingly.  In  addition,  it  may  be  appropriate 
to  increase  the  allowable  blur  in  the  image  to  match  the 
resolution  of  the  screen  (a2  in  the  equation  in  Ref.  5). 

Focusing  requirements  for  electronic  displays  e ’ 
cussed  in  Section  4.4. 
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SECTION  3.8  FOCUS  MECHANISM 


3.8.5  AUTOMATIC  FOCUS  DEVICES 

This  sivlion  smiiinari/cs  some  of  the  ilata  that  may  be 
useful  ill  any  allempl  to  establish  ilesipn  parameters  b.i 
an  automat focus  device.  Such  a device  would  auto- 
matically maiiiiain  a cotisiani  image  distance  in  an  aerial 
image  display  by  compensating  for  variations  in  objec- 
tive lens  to  imagery  distance.  At  a minimum,  such  a 
device  must  include  a focus  control  that  allows  the  user 
to  adjust  image  distance  as  on  an  ordinary  display.  Also, 
there  is  the  question  of  Iiow  much  variaiiou  in  image 
distance  around  the  constant  value  to  allow.  This 
variation  includes  a component  due  to  the  sensitivity 
limit  of  the  device,  plus  relatively  rapid  changes  in  image 
distance  due  to  any  jeikiness  or  oscillatory  hunting 
behavior  in  the  servo  mechanism.  This  section  is  con- 
cerned with  design  limits  for  this  type  of  variation  in 
image  distance. 

Design  limits  I'epend  on  a large  number  of  factors.  None 
rrf  these  are  understood  well  enough,  at  least  as  they 
relate  to  iittagery  displays,  to  allow  setting  rcasoirahte 
design  limits.  Therefore,  the  best  recirmirtendation  that 
cait  he  made  at  presetrt  is  to  liirrit  such  vaiiatiotts  to  an 
amount  that  does  itcrt  have  any  detectable  impact  on 
display  intage  quality  or  oit  user  comfrrrt. 

Among  the  factors  that  would  have  to  he  considered  in 
order  to  set  specific  desigtt  limits  are  the  following: 

• Image  quality 

• Accoirtmodative  amplitude  of  the  oprfator  while  he  is 
using  the  display  (Figures  3,7-13  and  3.6-3) 

• Accomimrdative  response  of  the  display  user  to  an 
image  at  a fixed  distance  (Figure  3.8-12) 

• Accommodative  response  of  the  display  user  to 
variations  in  image  distance  (Figure  3.8-13  througlr 
-16) 

• Sensitivity  of  the  user  to  changes  in  image  distance 
(Figure  3.8-1 1) 

• Depth  of  field  of  the  display  user  when  using  the 
display  (Figures  3.8-5,  -9,  -10,  and  -II) 

Image  quality,  which  depends  both  on  the  resolution  of 
the  imagery  and  on  the  numerical  aperture  and  magnift- 
cation  of  the  display,  must  be  considered  because  oJ  its 


impact  on  the  amount  of  focus  error  that  will  be 
noticeable. 

Average  accommodative  amplitude  as  a function  of  age 
is  summari/ed  in  Figure  3.6-3.  In  most  displays,  the 
usable  accommodation  range  is  smaller  than  this  figure 
indicates  becai'se  the  convergence  angle  between  the 
eyes  is  fixed.  The  data  in  Figure  3.7-13  suggest  that,  at 
least  for  binocular  displays  involving  natural  pupil  sizes, 
the  upper  limit  on  the  variation  in  image  distance  that 
can  be  tolerated  is  no  more  than  ±0.75  diopters.  Older 
display  users  might  not  tolerate  this  amount  of  variation. 
As  Figure  3.8-9  illustrates,  tolerance  for  accommodative 
error  varies  with  pupil  diameter. 

One  approach  would  be  to  limit  variations  in  image 
distance  to  plus  or  minus  half  the  depth  of  field  of  the 
display.  This  could  be  measured  by  having  test  subjects 
with  good  visual  acuity  but  a very  small  accommodative 
amplitude  focus  the  display  from  blur  to  blur  (Ref.  13). 
Use  of  a higli-quality  resolution  target  would  produce 
the  smallest  limits,  but  these  miglit  be  more  restrictive 
th  in  necessary  if  they  are  based  on  looking  at  objects 
with  significantly  higliei  resolution  than  is  available  in 
the  imagery  to  be  viewed  on  the  display 

A design  limit  of  plus  or  minus  half  the  depth  of  field 
would  be  reasonable  only  if  one  could  be  sure  that  the 
average  display  focus  was  exactly  centered  between  the 
distances  at  which  blur  occurred.  This  would  occur  only 
when  the  display  user  was  totally  successful  in  using  a 
focusing  technique  like  that  illustrated  in  Figure  3.8-6. 
As  Figure  3.8-1 1 illustrates,  if  the  average  image  distance 
falls  on  either  side  of  this  position,  tolerance  to 
oscillatory  variation  iii  image  distance  is  reduced.  To 
compensate,  a design  limit  of  perhaps  plus  or  minus  a 
quarter  of  the  depth  of  field  would  be  more  desirable. 

Accommodation  normally  changes  constantly,  even 
when  an  object  at  a fixed  distance  that  contains  fine 
detail  is  being  viewed.  Presumably  there  is  no  need  to  set 
design  limits  smaller  than  this  variation.  The  amplitude 
of  this  variation  in  accommodation  is  nominally  0.2  to 
0.4  diopters,  althougli  as  the  representative  data  in 
Figures  3.8-12  and  -13  illustrate,  establishing  a meaning- 
ful average  or  maxirrium  is  not  currently  possible. 

Most  of  the  figures  in  the  remainder  of  this  section 
illustrate  data  collected  under  test  conditions  where  the 
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3.8.5  AUTOMATIC  FOCUS  DEVICES  (CONTINUED) 

optical  distance  to  a target  could  be  varied  without  any 
change  in  the  si/e  of  the  target.  (See  the  discussion  of 
the  Hiiilal  priiuipU'  in  the  glossary,  Section  8.0,  or  in 
Ref.  14.) 

One  reason  changes  in  image  distance  pose  a problem  for 
the  display  user  is  the  existence  of  a well-dcrmed  latency 
of  perhaps  0.4  second  in  the  resp.inse  of  the  accommo- 
dative mechanism  of  the  eye.  Tlu  available  data  on  this 
topic  are  summari/.ed  in  Figure  3.8-14. 

An  oscillatory  variation  in  image  distance  can  affect  the 
display  user  in  two  ways.  First,  his  eyes  will  attempt  to 
change  accommodation  in  order  to  track  the  image;  this 


miglit  be  fatiguing  in  itself.  Second,  as  the  curves  in 
Figuie  3.8-15  and  -16  illustrate,  his  accommodative 
response  will  be  less  than  the  image  movement  and  will 
lag  behind  it,  resulting  in  an  accommodative  error  that 
varies  with  time  (Ref.  15).  There  is  no  indication  that 
with  continued  exposure  to  oscillatory  variation  in 
target  distance  at  a particular  frequency  there  will  be 
any  change  in  the  response  of  the  eye  (Ref,  16), 

One  final  factor  that  may  possibly  be  of  some  relevance 
is  the  apparent  change  in  the  si/e  of  an  image  experi- 
enced by  some  individuals  when  the  image  changes  in 
distance  but  not  in  si/.e.  An  extensive  review  of  this 
phenomenon  is  available  (Ref.  17). 
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SECTION  3.8  FOCUS  MECHANISM 


3.8.5  AUTOMATIC  FOCUS  DEVICES  (CONTINUED) 


Figure  3.8-9.  Depth  of  Field  of  the  Eye.  In  the  study 
illustrated  here,  the  depth  of  field  of  the  eye  was  meas- 
ured by  ad'usting  the  distance  to  two  discs,  A and  C in 
part  (a)  of  the  figure  (Ref.  18,0.  The  spots  subtended  10 
arc  minutes  and  each  was  approximately  20  arc  minutes 
from  its  neighbors.  Except  when  measuring  the  effect  of 
target  contrast,  the  discs  were  black  and  were  viewed 
against  a white  background.  To  measure  the  effect  of  con- 
trast, they  were  front  illuminated  to  make  them  brighter 
than  the  background.  Screen  B,  carrying  three  discs,  was 
fixed  at  a distance  of  2.0  diopters  (0.5m)  from  the  sub- 
ject. Screens  A and  C,  carrying  one  disc  each,  could  be 
moved  along  the  subject's  visual  axis.  The  pupil  of  the  eye 
in  use  was  dilated  with  drugs,  and  the  other  eye  was 
covered. 

Measurements  were  made  by  separating  screens  A and  C 
until  their  discs  appeared  blurred,  then  moving  them 
toward  B until  all  five  were  in  sharp  focus.  Subjects  were 
allowed  to  compare  the  appearance  of  the  discs  by  glanc- 
ing quickly  from  one  to  another.  With  practice,  measure- 
ments could  be  repeated  to  within  0.02  diopter. 

The  effects  of  changes  in  pupil  size,  background  lumin- 
ance, and  disc  contrast  on  depth  of  field  are  illustrated 
and  are  all  in  the  expected  direction.  In  (a)  a smaller  pupil 
allows  a smaller  bundle  of  light  rays  to  enter  the  eye, 
thereby  decreasing  the  size  of  the  blur  circle  caused  by  a 
particular  amount  of  focus  error.  For  very  small  pupils 
there  is  also  some  blurring  of  the  image  due  to  diffraction, 
thereby  reducing  visibility  of  the  target  and  increasing 
tolerance  for  blur  caused  by  focus  error.  Parts  (c)  and  (d) 
show  that  decreases  in  luminance  and  iri  contrast  both 
increase  depth  of  field,  presumably  by  increasing  toler- 
ance to  blur. 

The  importance  of  the  test  subject  is  illustrated  in  (c), 
which  shows  data  collected  under  a single  test  condition 
for  an  additional  six  subjects.  Although  their  larger  depth 
of  field  values  may  be  due  to  basic  differences  in  their 
visual  systems,  a more  likely  cause  is  that  they  were  less 
critical  in  their  judgments  cf  spot  sharpness.  This  suggests 
that  a target  with  finer  detail  might  yield  smaller  depth  of 
field  values  than  illustrated  here. 
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3.8.5  AUTOMATIC  FOCUS  DEVICES  (CONTINUED) 


Figure  3.8-10.  Effect  of  Focuj  Error  on  Contrast 
Sensitivity.  Another  method  of  estimating  the  depth 
of  field  of  the  eye  is  to  measure  contrast  sensitivity 
with  various  amounts  of  focus  error  present.  The 
technique  used  here  was  like  that  used  in  Figure  3.1- 
37.  The  target  was  a sinusoidal  grating  viewed  on  a 
CRT.  The  accommodation  of  the  eye  being  tested 
was  fixed  with  atropine. 


Th3  previous  figure  indicates  that  the  depth  of  field 
of  the  eye  with  a pupil  diameter  of  2 to  3 mm  is  in 
excess  of  0.5  diopter;  this  figure  indicates  however, 
thM  a significant  reduction  in  visual  performancs 
capability  can  occur  with  this  amount  of  focus  error. 


Figure  3.8-11.  Detection  of  Target  Oscillation.  The 
amplitude  of  2-Hz  oscillation  in  target  distance  that  was 
just  detectable  as  blur  is  illustrated  (Ref.  21 ).  The  small 
high-contrast  test  object  was  viewed  through  a 3-mm 
artificial  pupil  against  a PO-cd/m^  (50-fL)  white  back- 
ground. Drugs  were  ,d  to  eliminate  any  changes  in  the 
accommodation  of  t eye  that  might  have  served  as  a 
clue. 

The  minimum  detectable  oscillation  amplitude  when  the 
average  image  distance  matched  the  focus  distance  of  the 
eye,  approximately  0.6  diopter,  is  very  close  to  the  depth 
of  field  of  the  eye  with  a 3-mm  pupil  measured  in  this 
same  laboratory  (Figure  3.8-9).  Blur  was  detectable  at  a 
much  smaller  amplitude  when  the  average  image  distance 
was  1 to  2 diopters  away  from  the  eye  focus  distance.  The 
increase  in  threshold  beyond  2 diopters  probably  resulted 
because  the  target  was  constantly  blurred,  making  the 
oscillatory  blur  harder  to  detect. 
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Fi(|Uro  3.8-12.  Normal  Variation  in  Accommodation. 

The  accommodation  of  the  eye  varies  constantly  while 
viewing  a target  at  a fixed  distance,  even  though  fine 
details  in  the  target  remain  in  apparently  good  focus. 
Typical  records  of  eye  accon.modation  made  with  infra- 
red optometers  are  illustrated.  Each  recording  includes 
the  distance  to  the  target  being  viewed,  m diopters  (D), 
and  the  eye  puiiil  diameter  when  known.  In  most  cases 
an  artificial  pupil  was  used,  At  the  left  of  each  record- 
ing is  a line  indicating  the  vertical  distance  that  corres- 
ponds to  a 1 -diopter  chVngft  i'")  accommodation. 

The  curves  in  (a),  (b),  and  (c)  are  from  a single  laboratory 
and  were  collected  w'th  the  eye  pupil  dilated  with  drugs. 

These  recordings  all  illustrate  the  approximate  magnitude 
and  frequency  of  naturally  occurring  variations  in  accom- 
modation. In  addition,  they  illustrate  several  specific 
phenomena: 

(a)  - Accommodation  varies  both  with  an  empty  visual 

field  and  with  a target  present  (Ref.  22). 

(b)  — The  variation  is  reduced  when  the  target  is  at  infin- 

ity (Ref.  16).  (Pupil  diameter  was  not  reported  for 
the  upper  curve). 

(c)  - There  is  less  high-frequency  variation  with  a small 

(artificial)  pupil  than  with  a large  pupil  (Ref.  23). 
The  high-frequency  variation  with  the  7-mm  pupil 
is  concentrated  at  2 0 Hz. 

(d)  - Measurements  in  a second  labo;atory,  using 

reduced  illuminetion  to  dilate  the  pupil,  are  similar 
to  those  in  the  previous  curves  (Ref.  24). 

(e)  — Measurements  from  a third  laboratory  suggest  that 

the  variation  in  accommodation  is  reduced  if  both 
eyes  view  the  target  (Ref.  2t). 
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Figure  3.8-13.  Similarity  of  Accommodation  Variations 
in  the  Two  Eyes.  Measurements  made  with  a double 
optometer  Indicate  that  the  accommodation  changes  in 
the  two  eyes,  although  not  identical,  are  very  similar 
(Ref.  26).  Four  seconds  into  this  recording,  the  subject 
was  instructed  to  hold  his  focus  and  fixation  steady  on  a 
target  at  a distance  of  2.0  diopters.  The  target  was  viewed 
binocularly. 


Figure  3.8-14.  Abrupt  Change  in  Target  Distance.  The 
eye  does  not  respond  immediately  to  an  abrupt  change  in 
target  distance.  Instead,  at  least  for  young  individuals, 
there  is  a latent  period  of  approximately  0.4  second  before 
the  eye  begins  to  change  accommodation,  and  the  response 
itself  lasts  for  about  0.6  second  more. 

Typical  accommodative  responses  to  abrupt  changes  in 
target  distance  are  illustrated.  Part  (a)  shows  the  accom- 
modative response  of  the  eye  to  changes  in  target  distance 
between  1 diopter  and  4 diopters  (Ref.  27).  Part  (b)  pro- 
vides a comparison  between  the  accommodative  responses 
of  one  eye  when  either  one  eye  or  both  eyes  view  the 
target  as  it  moves  between  0.5  diopter  and  3.5  diopters 
(Ref.  25). 

Two  other  studies  include  specific  values; 

For  a 2.0-diopter  change  in  target  distance,  the  maxi- 
mum accommodation  velocity  was  10  diopters  per 
second;  average  latency  for  six  subjects  ranged  from 
0.31  to  0.44  second,  with  an  overall  average  of  0.39 
second;  average  movement  time  was  0.6  second  (Ref, 
28). 

For  a 1.7-diopter  change,  average  latency  was  0.4  sec- 
ond; the  average  interval  between  the  10-percent  and 
90-percent  points  of  the  accommodation  response  was 
0.7  second  (Ref.  29). 
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3.8.5  AUTOMATIC  FOCUS  DEVICES  (CONTINUED) 


Figure  3.8-15.  Oscillatory  Variation  in  Target  Distance. 

Accommodation  responses  to  sinusoidal  oscMIatlon  in 
target  distance  at  two  frequencies,  0.2  Hz  and  1 Hz,  are 
illustrat:;d  (Ref.  30).  As  the  oscillation  frequency  in- 
creased, the  accommodation  response  decreased  in  ampli 
tude  and  fagged  farther  behind  the  target  position.  Speci 
fic  values  over  a range  of  frequencies  are  summarized  in 
the  next  figure. 

In  the  study  illustrated  here,  one  eye  viewed  the  moving 
target  while  the  other  viewed  an  empty  field  and  was 
therefore  free  to  turn.  The  result  was  an  oscillatory 
variation  in  the  convergence  angle  between  the  eyes 
similar  to  the  variation  in  accommodation.  In  a binocu- 
lar viewing  situation,  the  convergence  angle  changes 
would  be  much  rinaller;  but  under  some  circumstances, 
these  might  be  adequate  to  induce  a sensation  of  oscil- 
lation in  depth.  Such  a phenomenon  has  not  been 
demonstrated. 
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Figure  3.8-16.  EKect  of  Target  Oscillation  Frequency. 

As  both  part  (a)  and  Figure  3.8-15  illustrate,  an  increase 
in  the  frequency  at  which  target  distance  varies  causes  the 
accontmodative  response  of  the  eye  to  become  smaller 
and  to  lag  farther  behind.  Both  of  these  phenomena  are 
illustrated  here,  with  lag  expressed  first  as  phase  differ- 
ence in  degrees  (b),  and  then  in  seconds  (c)  (Ref.  31). 

These  curves  are  each  based  on  test  data  for  monocular 
viewing  by  a single  subject.  The  test  conditions  for  the 
four  studies  we:e  as  follows; 

I — Target  amplitude  of  0.85  diopter;  pupil  dilated  by 

reducing  room  illumination  (Ref.  32).  These  data 
are  from  the  same  report  as  Figure  3.8-15. 

II  — Average  data  for  target  amplitudes  of  2.0  and  3.0 

diopters;  apparently  natural  pupil  diameter  (Ref. 
33). 

III  — Target  amplitude  0.75  diopter;  pupil  dilated  with 

drugs  (Ref.  34). 

IV  — Target  amplitude  0.6  diopter;  pupil  dilated  with 

drugs  (Ref.  35). 

In  studies  I and  II,  lag  was  reported  in  terms  of  phase 
angle  in  degrees,  as  is  illustrated  in  (b).  These  data  are 
repeated  in  (c)  in  terms  of  seconds  (Ref.  31).  In  study  IV, 
the  lag  reportedly  varied  between  0.36  and  0.50  second, 
but  data  for  specific  oscillation  frequencies  were  not 
given. 

Because  these  data  were  collected  in  order  to  increase 
understanding  of  the  focusing  mechanism  of  the  eye 
rather  than  to  aid  display  design,  they  must  be  applied 
with  caution.  For  one  thing,  each  curve  is  based  on  data 
from  only  one  subject.  Alfo,  the  methods  by  which  the 
several  authors  obtained  ’iieir  published  figures  from 
their  original  reco;  dings  were  only  briefly  described 
and  certain  assumptions  (Ref.  36)  are  necessary  in  order 
to  bring  these  data  together  here  in  a single  graph.  Partic- 
ularly striking  is  the  difference  between  amplitude 
curves  III  and  iV  in  (a),  which  ce  based  on  measurements 
made  by  the  same  experimenters. 
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Depth  of  field.  A,  is  the  distance  along  the  optical  axis  in  object  space  over  which  an  acceptably  sharp  image  is 
obtained.  It  includes  three  terms: 


A| , the  Rayleigh  limit  of  X/4.  which  accounts  for  the  effects  of  diffraction, 

A2,  due  to  the  amount  of  blur  acceptable  in  the  image,  and 
A3,  due  to  the  change  in  tlie  display  user’s  eye  accommodation. 

The  best  approach,  in  the  absence  of  useful  empirical  data  (see  Martin,  p.  97).  is  to  treat  these  as  if  they  are  additive. 


As  developed  in  the  two  referenced  papers,  the  terms  (in  mm)  are: 

A]  = «X/NA2  = 580xl0''^/NA-,  where  n is  the  refractive  index  of  the  medium,  air  in  this  ease,  X is  the  wave- 
length of  light,  580  nm,  and  NA  is  the  numerical  aperture. 

A2  = 0.073c/M-NA  = 0.146/M  NA,  where  c.  the  size  of  the  permissible  circle  of  confusion,  or  blur  circle,  is 
taken  to  be  2 arc  minutes  (for  c in  radians,  substitute  250  for  0.073),  and  M is  the  magnification. 

A3  = b2(l/b)/M-  = 250/M-,  where  b is  both  the  near  point  of  accommodation  and  the  image  distance  in  the 
microscope  and  is  assumed  to  be  0.25m. 


Adding  these  yields: 

A = Ai  + Ai  + A3 


+ P:!46  250 
NA2  M -NA  m2 


The  best  available  data  on  the  numerical  aperture  expected  in  the  class  of  microscopes  of  interest  arc  found  in 
Hooker,  R.  B.  A Comparison  of  the  Square  Wave  Response  of  the  Three  Microscopes  Commonly  Used  in  Photointer- 
pretation. R.ADC-TR-70-150,  (AD-874  241  L),  1970.  The  magnifications  and  numerical  apertures  of  these  micro- 
scopes. for  the  lens  configurations  that  gave  best  performance,  were: 


M 

NA 

)1A/M 

6 

0.021 

0.0035 

12 

0.(M4 

0.0036 

25 

0.090 

0,0037 

50 

0.149 

0,0030 

The  average  value  for  NA/M  was  0.0034.  Substituting  this  in  the  expression  for  A yields;  A=  343/M2 


Because  in  most  displays  the  numerical  aperture  does  not  continue  to  increa.se  as  rapidly  with  magnification  at 
higlicr  magnifications,  this  expression  will  underestimate  Ain  this  region.. 

A simpler  formula  for  depth  of  field,  A=  X(;i2  - Na2)I/2/na2  250/m2''  appears  in  Benford,  J.  R.  Microscope 

objectives.  Chapter  4 in  Kingslake,  R.  Applied  Optics  and  Optical  Engineering,  Vol.  111.  Academic  Press,  New  York, 
1965.  See  pp.  1.'7  and  158. 
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6.  See  eitlicr  of  tlie  two  sources  at  the  beginning  of  Ref.  5.  Also  see: 

Martin,  L C.  The  Thcorv  of  the  Microscope.  American  hisevier.  New  York,  1966. 

t 

7.  These  data  are  from  an  unpublished  study  by  the  senior  author  in  which  subjects  rotated  the  focus  control  of  a bin- 
ocular microscope  and  indicated  when  the  transitions  from  blur  to  a sharp  image  and  then  back  to  blur  occurred. 
Five  individuals  used  a Bausch  and  Lomb  Zoom  70  microscope,  which  has  converging  eyepieces.  The  two  smallest 
values  were  obtained  for  the  two  older  subjects  who  had  very  limited  accommodative  amplitude.  A single  subject 
used  a Bausch  and  Ltmib  Zoom  240  at  a range  of  magnifications  and  had  good  accommodative  amplitude.  All  the 
subjects  viewed  higli-resolution  aerial  photography. 

8.  Tltese  data  were  collected  by  R.  Chaban  of  McBain  Instruments,  Chatsworth,  California,  in  1974.  The  single  subject 
was  middleaged  and  had  good  accommodative  amplitude.  The  display  had  parallel  eyepieces  and  a numerical  aper- 
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SECTION  3.9  EYEPIECE  DESIGN 


3.9  EYEPIECE  DESIGN 


Most  of  the  discussion  in  this  section  deals  with 
evepieiTS  that  have  exit  pupils  sutficiently  small  to 


3.9.1  EXIT  PUPIL  SIZE 

A large  exit  pupil  display  would  eliminate  problems  such 
as  operator  discomfort  resulting  from  the  need  to  keep 
head  position  fixed  with  a small  exit  pupil  display. 
However,  because  only  a small  portion  of  the  liglit  from 
such  a display  enters  the  user’s  eyes,  it  may  be  difficult 
to  obtain  adequate  luminance.  Distortions  can  also  be  a 
problem,  particularly  if  they  vary  differently  in  the  two 
eyes  as  the  head  is  moved  within  the  exit  pupil  (Section 
3.4.5  and  3.7.1) 


3.9.2  EYEPIECE  FOCUS 

Most  eyepieces  include  provision  for  focusing.  Design 
recommendations  for  the  eyepiece  focus  mechanism  and 
adjustment  range  appear  in  Sections  3.8.1  and  3.8.3. 

3.9.3  SURFACE  FINISH 

Any  eye  relief  distance  less  than  30  to  40  mm  will 
inevitably  result  in  some  contact  between  spectacle 
lenses  and  the  eyepiece.  The  last  physical  surface  of  the 
eyepiece  should  therefore  incorporate  a finish  that  will 

3.9.4  EYEPIECE  ELEVATION  ANGLE 

Eyepiece  elevation  angle  affects  both  the  operator’s 
comfort  and  the  area  over  which  he  can  position  his 


effectively  fix  the  user’s  head  position  relative  to  the 
display. 


The  relationsliip  of  display  exit  pupil  size  to  t'isplay 
tmgnifuation  and  numerical  aperture  is  treated  in 
Sections  3.3.1  and  3.3.2.  The  impact  of  display  exit 
pupil  size  on  image  luminance  is  treated  in  Sections 
3.2.2,  3.2.3,  and  3.2.4.  Information  on  the  variation  in 
visual  performance  with  eye  entrance  pupil  size  appears 
in  Section  3.1.9. 


minimize  the  chance  of  scratches.  In  addition,  non- 
optical  surfaces  should  have  a black,  nonspecular  surface 
to  reduce  the  amount  of  stray  liglit  reflected  into  the 
user’s  eyes. 


head  while  using  the  display.  These  topics  are  treated  in 
Section  6.1  and  in  greater  detail  in  Section  6.1.3. 
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SECTION  3,9  EYEPIECE  DESIGN 
3.9.5  EYE  RELIEF 
RECOMMENDATION: 

Provide  a minimum  eye  relief,  measured  from  the  last  mechanical  surface  of  the  eyepiece,  of  at  least 
20  mm.  A value  of  25  mm  is  preferred. 


In  order  to  see  tlie  entire  image  field,  the  display  user 
must  keep  his  eye  at  a distance  that  pla'-es  the  displa,’ 
exit  pupil  approximately  in  the  plane  of  the  entrance 
pupil  of  his  eye.  The  eye  relief,  or  distance  from  the 
eyepiece  to  the  exit  pupil,  must  he  sufficient  to  allow 
this.  The  largest  eye  relief  is  required  by  spectacle 
wearers  who  must  keep  their  spectacles  on  while  using 
the  display,  other  users  being  able  to  get  by  so  long  as 
they  have  face  and  eyelash  clearance. 

A large  portion  of  the  population  wears  spectacles.  The 
data  in  Figure  3.9-2  suggest  that  3U  to  50  percent  of  the 
population  aged  20  to  45  will  be  using  spectacles  (Ref. 
1 ).  Spectacle  use  is  even  more  prevalent  among  inter- 
preters. The  following  values  were  obtained  for  a sample 
of  90  persons  (Ref.  2.B): 

• No  corrective  lenses:  31  percent 

• Wear  spectacles  but  remove  them  when  using  micro- 
scope-type imagery  displays:  20  percent 

• Wear  spectacles  when  using  imagery  displays:  49 
percent 


Provision  must  be  made  in  the  display  for  users  who 
wear  spectacles.  The  preferred  solution  is  to  provide 
adequate  eye  relief.  Alternatively,  it  would  be  possible 
to  provide  each  user  who  required  spectacles  for  some 
refractive  error  that  could  not  be  removed  by  refocusing 
the  display,  such  as  astigmatism,  with  a special  lens  to 
place  on  top  of  each  eyepiece.  However,  this  raises  two 
problenis.  First,  there  is  the  difficulty  of  supplying  the 
lenses.  Second,  in  most  applications  the  display  user  will 
still  need  his  regular  spectacles  on  each  of  the  frequent 
occasions  when  he  looks  away  from  the  display. 

Published  recommendations  for  eye  relief  vary.  One 
authority  recommends  25  mm  with  a minimum  of  20 
mm  for  spectacle  use  and  12  mm  without  spectacles 
(Ref.  3,X).  A second  also  recommends  25  mm  but 
would  allow  a minimum  of  IS  mm  to  permit  spectacle 
use  (Ref.  4,X).  A third  suggests  a minimum  of  10  to  12 
mm  without  spectacles  (Ref.  S,X).  Unfortunately,  none 
cites  the  basis  for  the  values. 


Figure  3.9-1.  Eye  Relief.  Eye  relief  is  the  distance  from 
the  last  physical  surrace  of  an  eyepiece  to  the  exit  pupil. 
As  can  be  seen  in  the  figure,  a small  movement  of  the  eye 
away  from  or  toward  the  eyepiece  will  reduce  tolerance  to 
lateral  eye  movements  and  a larger  movement  will  cause 
vignetting,  or  a cutting  off  of  the  light  from  the  edges  of 
the  image  field.  The  exact  amounts  depend  on  the  relative 
sizes  of  the  imago  field  Section  3.5.3)  the  eye  entrance 
pupil  (Section  3.2.2),  and  the  display  exit  pupil. 

In  addition  to  reducing  the  usable  size  of  the  image  field, 
sufficierit  separation  between  the  eye  and  display  pupils 
could  reduce  image  quality.  There  is  no  useful  test  data  on 
this  subject  (Ref.  6). 

This  diagram  also  shows  how  eye  relief  and  image  field 
size  {(ft)  serve  to  set  a lower  limit  on  eyepiece  diameter. 
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3.9.5  EYE  RELIEF  (CONTINUED) 


Figure  3.9-2.  Age  and  Corrective  Lens  Use.  This  figure 
shows  the  oercent  of  the  general  U.S.  population  who  use 
corrective  lenses  (Ref.  1,A).  The  incidence  of  use  climbs 
rapidly  up  to  an  age  of  about  20,  after  which  it  remains 
stable  into  the  mid  forties.  At  this  point,  the  gradual  loss 
of  near  vision  with  age,  known  as presby  pia  (Figure 
3.6.3)  causes  the  incidence  of  use  to  climb  again. 

This  figure  includes  both  spectacle  and  contact  lens 
wearers.  However,  inclusion  of  the  latter  group  has  little 
impact  on  estimates  of  how  many  display  users  are  likely 
to  be  wearing  spectacles.  The  percent  of  the  total  sample 
that  used  contact  lenses,  either  with  or  without  spectacles, 
was: 

• For  age  17  to  24,  3.4  percent  for  males  and  9.5  percent 
for  females. 

• For  age  25  to  44, 1 .8  percent  for  males  and  4.2  percent 
for  females. 
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SECTION  3.9  EYEPIECE  DESIGN 


3.9.5  EYE  RELIEF  (CONTINUED) 


Figure  3.9-3.  Determination  of  Minimum  Eye  Relief 
for  Spectacle  Wearert.  Minimum  eye  relief  with  spec- 
tacles includes  three  measurable  components,  plus  a 
relatively  arbitrary  clearance  between  the  spectacle  lens 
and  the  eyepiece.  Two  of  the  components,  lens  thick- 
ness and  cornea  to  entrance  pupil  distance,  are  small 
and  relatively  fixed.  Vertex  distance  (VD)  has  classi- 
cally been  taken  as  12  or  13.5  mm  (Ref.  9)  but  a 
range  of  10  to  18  mm  is  more  appropriate.  Part  of  the 
increase  may  be  due  to  the  modern  shift  to  plastic 
spectacle  frames  that  place  the  lens  farther  from  *he 
eye  (Ref.  10).  The  18-mm  value  applies  to  a generic! 
population  and  may  be  slightly  large  for  the  present 
purpose.  On  the  average,  strong  corrections  are  likely 
to  te  fitted  closer  to  the  eye  than  weak  ones  (Ref.  1 1 ). 
and  strong  corrections  are  also  more  likely  to  be  worn 
while  using  the  display. 

These  values  suggest  that  an  eye  relief  of  25  mm  is 
desirable  because  it  would  allow  2 mm  of  lens  clear- 
ance for  a 95  percentile  spectacle  wearer.  A value 
of  20  mm  is  acceptable  but  will  result  in  a few  percent 
of  the  users  having  difficulty  because  their  spectacles 
contact  the  eyepiece  or  they  are  right  at  the  point  of 
losing  the  edges  of  the  image  field.  This  will  also  inter- 
fere with  their  effective  use  of  a large  image  field.  (See 
(Section  3.5.3) 
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3.9.6  FACE  CLEARANCE 


DISTANCE  FROM  PUPIL  CENTER: 
A Supercilidfy  Arch  - 17  mm 
B Nasal  Bone  - 22  mm 
C Greater  Alar  Cartilage  - 32  mm 
D Septal  Cartilage  - 44  mm 


Figure  3.9-4.  Anatomical  Limits  on  Eyepiece  Size  (Ref. 
4,X).  Image  field  size  and  eye  relief  combine  to  set  a min- 
imum on  eyepiece  diameter  (Figure  3.9-1).  If  the  eye- 
pieces are  too  large,  they  will  strike  the  user's  face,  partic- 
ularly if  he  has  a small  interpupillary  distance  (IPD).  The 
problem  is  complicated  by  the  fact  that  correlation 
between  most  body  measurements  is  relatively  low,  so 
that  some  individuals  with  large  faces  and  large  noses  will 
have  a small  IPD  (Ref.  14). 


The  only  known  data  on  face  size  are  illustrated.  The  orig- 
inal data  source  is  unknown,  as  is  the  population  on  which 
they  are  based.  Since  they  appeared  as  a requirement  for 
the  design  of  eye  cushions  for  military  viewing  devices 
such  as  gunsights,  they  probably  indicate  average  dimen- 
sions for  male  military  personnel.  If  there  is  any  doubt 
that  clearance  is  adequate,  the  designer  should  build  a 
simple  mockup  and  test  it  with  a number  of  individuals 
who  have  large  faces  and  small  IPD's.  Population  distribu- 
tions for  IPD  appear  in  Section  3.7.1. 
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SECTION  3.10  IMAGE  TRANSLATION  AND  ROTATION 


Tlie  image  translation  and  rotation  systems  are  essential 
parts  of  an  imagery  display,  providing  means  for  the 
interpreter  to  move  from  place  to  place  on  the  imagery' 
and  to  rotate  the  view  for  optimum  interprctability  in 
mono  and  coriect  eyebase  orientation  in  stereo. 

Althougli  good  design  of  these  functions  will  not 
directly  increase  what  can  be  seen  in  the  image,  the  ease 
and  accuracy  of  translation  and  rotation  will  have  a 
major  impact  on  the  amount  of  imagery  which  can  be 
effectively  covered,  and  will  significantly  affect  user 
satisfaction  with  the  equipment  in  daily  use. 

This  is  especially  important  in  the  exploitation  of  stereo 
imagery,  since  difficult  means  for  positioning  and 
rotation  make  stereo  setup  time  consuming  and  frustrat- 
ing, sometimes  to  the  extent  that  stereo  imagery  is  not 
used  as  often  as  it  would  be  with  more  convenient 
equipment. 

Poor  design  of  translation  and  rotation  functions  can 
thus  significantly  reduce  the  usefulness  of  th.e  display 
and  the  efficient  exploitation  of  the  imagery,  particu- 
larly with  respect  to  tasks  such  as  search  and  stereo 
viewing,  no  matter  how  good  the  image  quality  of  the 
display  may  be.  In  displays  intended  for  searching  large 
quantities  of  imagery,  it  is  essential  to  provide  an 
adequate  range  of  image  velocities,  adequate  control 
over  these  velocities,  and  freedom  from  noticeable 


3.10.1  GEOMETRY 

The  user  of  a display  experiences  image  motion  in  terms 
of  the  angular  velocity  of  the  image  but  the  display 
designer  must  work  in  terms  of  the  linear  velocity  of  the 


Figure  3.10-1 . Relationship  of  Image  to  Imagery  Velocity. 
The  image  velocity  produced  by  a particular  imagery  veloc- 
ity and  display  magnifying  power  is  illustrated  (Ref.  I). 

As  is  discussed  in  Section  3.3,  magnifying  power  is  usually 
identical  to  the  magnification  engraved  on  a virtual  inrage 
display  such  as  a microscope.  For  screen-type  displays,  it 


irregularities  in  image  motion.  This  is  also  true  for  stereo 
displays,  where  precise  p<'sitioning  is  required  to  align 
and  orient  the  stereo  pair. 

Although  much  of  the  background  material  in  this 
section  applies  to  any  kind  of  display,  the  analysis  and 
conclusions  are  based  on  displays  intended  for  viewing 
permanently  recorded  imagery,  rather  than  on  real  time 
displays. 

One  special  application  of  image  motion,  not  treated 
further,  occurs  with  rear  projection  screens.  Most  such 
screens  have  a grain  structure  that  reduces  their  resolu- 
tion. As  an  image  moves  across  such  a screen,  the  eye 
tends  to  integrate  over  the  grain,  so  that  at  low  image 
velocities,  on  the  order  of  two  degrees  per  second  or  less, 
the  screen  resolution  is  increased. 

Translation  mechanism  design  is  complicated  by  the 
extreme  scarcity  of  data  on  image  and  imagery  transla- 
tion velocities  actually  used  by  interpreters.  Collecting 
such  data  is  difficult  because,  unlike  display  parameters 
such  as  magnification  and  luminance,  there  is  no  simple 
way  to  determine  what  velocity  is  in  use.  This  kind  of 
data  would  be  much  easier  to  collect  if  prototype 
displays,  which  generally  incorporate  much  better  trans- 
lation mechanisms  than  are  now  in  use  and  than  might 
be  economical  on  production  units,  included  test  points 
where  an  electrical  signal  that  indicated  image  or 
imagery  velocity  could  be  obtained. 


imagery.  Figure  3.10-1  illustrates  the  relationship 
between  these  two  sets  of  uni*s. 


is  equal  to  display  magnification  only  at  a viewing  distance 
of  250  mm  (10  in).  For  other  distances  a correction  factor 
is  necessary.  For  example,  at  500  mm  (20  in),  magnifying 
power  is  one-half  the  magnification,  and,  at  750  mm  (30 
in),  it  is  one-third  (see  Figure  3.3-16). 
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Figiire  3.10-1.  Relationship  of  Image  to  Imagery  Velocity 
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SECTION  3.10  IMAGE  TRANSLATION  AND  ROTATION 


3.10.2  EFFECT  OF  IMAGE  MOTION  ON  VISION 

Much  image  interpretation,  particularly  search,  necessar- 
ily takes  place  while  the  image  is  moving.  The  effect  of 
motion  on  ability  to  see  details  in  an  image  depends  on 
several  factors: 

• Image  velocity 

• Wliether  the  eye  can  track  the  motion 

• The  amount  of  time  available  to  look  at  each 
particular  area  in  the  image 

The  data  summarized  in  this  section  illustrate  that  while 
a moving  image  is  somewhat  more  difficult  to  see  than  a 
static  one,  the  impact  is  small  if  the  eye  is  able  to  track 
the  image  and  thereby  eliminate  motion  of  the  image  on 
the  retina.  In  most  imagery  display  situations,  this  will 
be  possible.  Since  the  motion  will  be  under  the  control 
of  the  user,  it  will  be  expected,  and  the  eye  will  be  able 
to  track  it  smoothly,  at  least  in  the  horizontal  direction. 


up  to  a velocity  of  about  30  degrees  per  second  (Ref.  2). 

The  major  effect  of  image  motion  on  the  display  user  is 
to  limit  the  time  he  can  spend  looking  for  a target.  For 
example,  with  an  image  velocity  of  20  degrees  per 
second  and  an  image  field  of  40  degrees,  the  longest  one 
point  on  the  image  is  visible  only  2.0  seconds.  Assuming 
each  eye  fixation  lasts  an  average  of  0.4  second,  this 
allows  the  observer  only  5 fixations  to  cover  the  entire 
image  field. 

The  situation  is  complicated  further  with  a display  such 
as  a microscope  that  has  small  exit  pupils.  As  Figure 
3.5-13  illustrates,  turning  his  eye  more  than  a few 
degrees  while  tracking  the  moving  target  will  require  the 
observer  to  move  hi:  head  to  compensate  for  the  motion 
of  his  eye  pupil. 


Figure  3.10-2.  Eye  Movements  During  Visual  Search.  In 
orde:  to  view  an  extended  area,  the  eye  typically  remains 
at  one  fixation  point  only  a few  tenths  of  a second  then 
moves  on  to  the  next  (Ref.  3).  As  an  example,  this  figure 
illustrates  the  first  45  fixation  points  for  an  observer 
searching  for  airfield  symbols  on  a map  (Ref.  4).  In  the 
interval  between  fixation  points,  the  image  is  necessarily 
moving  across  the  retina.  However,  these  movements  last 
only  a very  short  time  and  are  seldom  if  ever  noticed  by 
the  observer. 


Figure  3.10-3.  Vision  With  Image  Movement  on  the  Retina. 
When  a target  is  seen  only  in  motion  relative  to  the  fixation 
point  of  the  eye,  the  ability  to  resolve  details  in  the  target 
is  reduced,  especially  close  to  the  fixation  point  (Ref.  5,B). 
The  one  exception  occurs  in  the  periphery  of  the  eye, 
where  low  image  velocities  actually  improve  vision  slightly. 

A portion  of  the  loss  at  the  fixation  point  illustrated  here 
is  probably  due  not  to  motion  directly,  but  to  the  fact  that 
the  motion  of  the  image  takes  it  across  lower  resolution 
portions  of  the  visual  field  (see  Figure  3.5-10). 

Recent  data  on  lower  image  velocities  indicate  that  for 
exposure  durations  of  0.1  and  0.2  second,  retinal  image 
velocities  up  to  about  2.5  degrees  per  second  do  not 
reduce  ability  to  resolve  details  so  long  as  the  movement  is 
horizontal  or  vertical  (Ref.  6,C).  Oblique  motion  reduces 
vision  at  1 degree  per  second. 


( 
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3.10.2  EFFECT  OF  IMAGE  MOTION  ON  VISION  (CONTINUED) 


t- 


TARGET  VELOCITY  (desrMs/jacond) 


Figure  3.10-4.  Vision  for  a Moving  Target.  In  order  to 
view  a moving  image,  the  observer  must  attempt  to  reduce 
the  effect  of  the  motion  by  tracking  the  image  with  his 
eyes  during  each  fixation  period.  The  ability  to  perform 
this  feat,  sometimes  referred  to  as  dynamic  visual  acuity 
(OVA),  varies  widely  among  individuals  and  as  a function 
of  experience.  For  example,  the  impact  of  target  velocity 
on  the  visual  ability  of  three  groups  of  five  to  eight  sub- 
jects, selected  according  to  their  ability  to  see  a moving 
image,  is  illustrated  by  curves  1,  2,  and  3 (Ref.  7,C).  The 
subjects  in  Group  3 are  obviously  able  to  retain  good 
vision  at  higher  velocities  than  are  the  subjects  in  the 
other  groups. 

Experience  has  a major  impact  on  the  ability  to  see  a mov- 
ing target.  In  another  study  by  the  same  experimenters, 
the  average  size  target  that  could  be  seen  by  the  200  sub- 
jects at  a velocity  of  1 10  degrees  per  second  dropped  from 
1 1 arc  minutes  on  tha  first  trial  to  6 arc  minutes  on  the 
twentieth  (Ref.  8,X).  There  were  very  large  differences, 
however,  in  the  improvement  shown  by  different  indivi- 
duals. Even  though  they  performed  nearly  the  same  on 
the  first  trial,  the  20  best  subjects  were  able  to  see  a 
1.9-arc-minute  target  on  the  twentieth  trial  (B  in  the  fig- 
ure), while  the  20  worst  had  improved  only  slightly  (W  in 
the  figure). 


Figure  3.10-5.  Impact  of  the  Duration  of  Anticipation  and 
Exposure.  The  ability  to  see  a moving  target  is  a function 
both  of  how  long  the  target  is  visible  to  the  observer  and 
how  much  information  he  has  that  helps  him  prepare  to 
track  it.  In  the  previous  figure,  the  0.2-second  target  expo- 
sure was  preceded  by  a 0.2-second  period  when  the  observer 
could  see  a blurred  image  of  the  moving  target.  In  the  study 
illustrated  here,  the  duration  of  the  anticipatory  period  was 
varied  to  assess  its  effect  (Ref.  9,C). 

In  the  two  bottom  curves,  the  target  remained  exposed  0.5 
second.  Increasing  the  time  interval  during  which  the  obser- 
ver could  see  the  target  area  but  not  the  target  from  0.2  ,to 
1.0  second  had  only  a small  effect.  However,  as  the  two  top 
curves  illustrate,  when  the  target  was  visible  only  0.2  sec- 
ond, this  same  increase  in  time  to  get  ready  (anticipation 
time)  had  a very  large  effect. 

The  data  represented  in  these  four  curves  also  suggest  that 
the  velocity  of  a moving  image  has  less  impact  on  vision 
than  does  the  amount  of  time  the  observer  is  able  to  track 
the  image. 
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3.10.2  EFFECT  OF  IMAGE  MOTION  ON  VISION  (CONTINUED) 
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Figure  3.10-6.  Search  of  Moving  and  Static  Images.  When 
search  performance  is  compared  on  the  basis  of  time  spent 
searching,  there  is  little  difference  between  static  and  mov- 
ing displays,  at  least  for  velocities  up  to  10  degrees  per 
second.  In  the  study  illustrated  here,  subjects  searched  for 
a split  ring  in  a 15-degree  field  of  solid  rings  (Ref.  10,B). 
Two  display  modes  were  used,  static  and  moving.  In  the 
static  mode,  the  subject  reported  the  target  as  soon  as  it 
was  detected.  The  moving  mode  involved  three  veloci- 
ties: 5,  7,  and  10  degrees  per  second. 

The  graph  shows  data  from  both  viewing  modes,  plotted 
with  search  time  equated  as  shown  on  the  bottom  scale. 


TARGET  EXPOSURE  DURATION 
(secondi) 


Figure  3.10-7.  Exposure  Time  for  Static  Targets.  The 
ability  to  see  a static  target  increases  with  exposure  time. 
In  the  study  illustrated  here,  maximum  performance  was 
achieved  with  an  exposure  of  0.6  second  (Ref.  1 1,C). 

To  investigate  the  possibility  that  longer  exposures 
improved  vision  by  allowing  more  light  to  reach  the 
retina,  there  was  limited  testing  at  higher  luminances. 
Values  up  to  500  cd/m^  (150  fL)  yielded  a similar  rela- 
tionship, indicating  that  increased  light  level  cannot  be 
substituted  direcily  for  target  exposure  time  (Ref.  12). 

In  visual  search,  eye  fixation  time  is  necessarily  a compro- 
mise between  the  duration  required  to  resolve  the  image 
completely  and  the  time  that  is  available.  The  most  fre- 
quently used  eye  fixation  time  during  some  kinds  of 
visual  search  is  0.2  to  0.3  second  (Ref.  3).  Most  of  these 
fixations,  of  course,  are  on  areas  that  do  not  contain 
targets. 
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3.10.3  VELOCITY  REQUIREMENTS 

RECOMMENDATIONS: 

Provide  the  following  image  velocities: 

• Zero 

• A range  of  2 to  30  degrees,  and  preferably  1 to  50  degrees,  per  second,  on  a single  control.  This  motion 
must  be  steady  and  free  of  jerks  at  all  velocities  and  all  magnifications. 

Provide  an  imagery  velocity  of  60  to  90  mm  (2.2  to  3.6  in)  per  second  for  translating  within  a frame. 
Because  the  operator  would  not  be  viewing  the  displayed  image  at  this  velocity,  smoothness  is  not  critical. 

For  roll  film,  provide  a means  of  moving  over  distances  of  a few  meters  at  a velocity  of  at  least  0.3m  (1  ft) 
per  second  and  of  moving  through  an  entire  roll  at  a velocity  of  at  least  3m  (10  ft)  per  second. 


As  was  discussed  in  Section  3.10.1,  the  display  user 
experiences  the  motion  of  the  image,  not  the  imagery. 
When  appropriate  the  treatment  in  this  section  is 
tlierefore  in  terms  of  image  velocity,  which  as  Figure 
3.10-1  illustrates  is  a function  of  both  imagery  velocity 
and  magnification. 

TTie  image  velocity  requirements  developed  in  this 
section  are  highly  subjective  and  are  almost  certainly 
influenced  both  by  the  test  equipment  used  and  by  the 
experience  of  the  interpreter  test  subjects  with  their 
present  displays. 

One  of  the  more  important  and  difficult  to  quantify 
aspects  of  image  motion  is  constancy  or  smoothness.  As 
the  data  summarized  in  Section  3.10.2  illustrate,  so  long 
as  tire  eye  can  track  the  target  for  a sufficient  length  of 
time,  image  motion  at  velocities  below  10  degrees  per 
second  and  in  some  instances  even  up  to  60  degrees  per 
second  has  little  effect  on  visual  ability.  However,  any 
irregularity  or  jerkiness  in  the  motion  can  disrupt  eye 


tracking  and  interfere  Mth  ability  to  see  the  target.  In 
addition,  interpreter  comments  about  present  and  exper- 
imental displays  indicate  that  such  variations  in  velocity 
are  extremely  annoying  and  can  make  an  otherwise  good 
display  unacceptable. 

In  the  absence  of  adequate  test  data,  quantitative 
recommendations  for  image  motion  smoothness  are  not 
feasible.  However,  if  any  velocity  irregularity  is  percepti- 
ble it  is  safe  to  assume  that  at  least  some  users  will 
complain.  If  the  motion  is  produced  by  a stepping 
motor,  it  is  likely  that  the  individual  steps  will  become 
noticeable  at  very  low  stepping  rates  if  the  magnification 
makes  each  step  equal  to  more  than  0.5  to  1.0  arc 
mmute  in  the  image. 

In  a display  that  provides  a very  wide  magnification 
range,  small  velocity  irregularities  at  high  magnification 
can  be  very  difficult  to  eliminate.  So  long  as  such  a 
display  is  used  primarily  at  lower  magnification,  these 
will  probably  not  cause  significant  problems. 
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3.10.3  VELOCITY  REQUIREMENTS  (CONTINUED) 


OPERATING  MODE 

H MINIMUM  TO  MOVE  THROUGH  A ROLL  OF  IMAGERY  (rewind) 

(Estimated  to  require  at  least  3 m/second.) 

G MOVE  ACROSS  SEVERAL  FRAMES 

(Estimated  to  require  at  lease  0.3  m/second.) 

F MOVE  WITHIN  A SINGLE  FRAME  WHILE  LOOKING  DIRECTLY  AT  IMAGERY 
(Estimated  to  require  at  least  60  mm/second  in  Figure  3.10-10.) 

E SCURRY  ACROSS  A FRAME  WHILE  VIEWING  IMAGE  IN  DISPLAY 
(Estimated  to  require  at  least  50  degrees/sscond  in  Figure  3.10-9.) 

D SEARCH 


C VISUAL  INSPECTION  OF  DETAILS  IN  IMAGE 

B MINIMUM  NON-ZERO  VELOCITY;  FOR  VISUAL  INSPECTION  OR  IMAGE  POSITIONING 
(Estimated  to  be  1 to  2 degrees/second  in  Figure  3.10-9.) 

A IMAGE  DOES  NOT  MOVE 


Figure  3.1 0-8.  Transition  Velocity  Analysis.  Display  trans. 
lation  velocity  is  broken  down  into  separate  regions  in  this 
figure  as  an  aid  in  deriving  design  recommendations.  The 
following  regions  are  illustrated; 

A— Zero  velocity  is  essential  when  the  user  must  take  a 
long  look  at  the  image  and  when  he  is  not  >tctively  using 
the  display.  The  image  must  not  creep  in  this  mode. 

B,  C— Visual  inspe.ction  of  an  extended  area  on  an  image 
often  takes  place  as  the  area  is  moved  slowly  through  the 
central  iwrtion  of  the  display  field.  The  minimum’ velocity 
availtbla  tu  perform  this  activity,  B,  should  be  sufficiently 
slow  that  thic.  activity  can  be  performed  with  continuous 
motion  rather  than  by  a series  of  starts  and  stops,  (f 
required,  velocity  B must  also  be  adequate  for  positioning 
the  image  relative  to  a reticle  (Section  3.10.5). 

D-- Because  of  the  need  to  cover  more  territory,  search  for 
targets  involves  higher  velocities  than  the  close  inspection 
activity  included  under  C.  The  exact  values  depend  on 
many  factors  and,  because  velocities  C,  D,  and  E will  nor- 
mally be  available  on  a single  control,  are  not  too 
important. 

E— Maximum  velocity  while  looking  at  the  display  image, 
rather  than  the  imagery  occurs  when  the  user  moves 
rapidly  from  one  point  to  another  in  the  frame;  vision  at 


this  velocity  is  limited  to  looking  for  the  gross  cues  that 
indicate  the  desired  area  on  the  frame  has  been  reached. 

F— To  move  between  two  widely  separated  points  within  a 
frame,  the  user  will  generally  look  directly  at  the  imagery, 
or  use  minimum  magnification  if  direct  viewing  is  not 
possible.  He  will  not  be  looking  at  details  in  the  imagery. 
Maximum  velocity  must  be  adequate  to  complete  the 
transit  in  an  acceptable  amount  of  time,  and  the  minimum 
must  allow  positioning  the  desired  object  within  the 
display  field. 

G— Translation  from  one  frame  to  another  nearby  frame 
should  occur  rapidly  since  this  is  essentially  wasted  time 
for  the  display  user.  No  good  data  are  available,  so  design 
limits  depend  on  an  estimate  of  how  long  the  user  will 
tolerate  waiting, 

H— Moving  through  an  entire  roll  of  imagery  should  also 
occur  rapidly,  and,  because  of  the  lack  of  good  data, 
design  limits  must  be  based  on  estimates  of  how  long  the 
user  will  tolerate  waiting. 

The  number  of  controls  used  to  achieve  these  velocities 
must  be  minimized.  A single  control  should  include  A 
through  E,  and  preferably  F aiso.  Velocity  G should  be 
availab'e  on  the  same  control  as  either  F or  H.  (See  Sec- 
tion 3.10.4.) 
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3.10.3  VELOCITY  REQUIREMENTS  (CONTINUED) 
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(Ref.  15,  01 

Rear  screen  projector  velocity  (Ref.  16) 
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Fijure  3.10-9.  Image  Velocity  Preferences.  The  small 
amount  of  data  available  on  image  velocity  preferences  of 
interpreters  is  summarized  here.  These  data  are  all  based 
on  experienced  interpreters  working  with  high-quality 
aerial  photography. 

The  data  plotted  as  dots  (•  and  o)  were  obtained  in  simu- 
lated work  situations  described  to  the  interpreters  in 
terms  of  the  operating  modes  in  Figure  3.10-8.  For  exam- 
ple, they  were  asked  to  demonstrate  the  lowest  velocity 
they  would  ever  require  in  a display.  The  results,  with 
data  points  for  individual  interpreters  connected,  are 
labeled  B at  the  bottom  of  the  graph. 

The  minimum  image  velocity  of  a prototype  rear  screen 
projector,  nominally  2.5  degrees  per  second  (shown  as  X), 
can  be  compared  with  these  values  (Ref.  16).  On  one 
occasion,  this  velocity  was  judged  to  be  sufficiently  slow 
and  on  another  occasion  it  was  judged  to  be  too  fast. 

The  search  velocity  data  (D)  were  obtained  in  much  the 
same  way  but  r».present  nominal  rather  than  minimal 
values.  In  the  case  of  the  single  subject  identified  with  an 
open  dot  ( o ),  both  fast  and  normal  search  was  simulated. 
The  filled  region  represents  an  average  range  of  values  for 
interpreters  during  regular  work  activity  (Ref.  15). 

To  determine  maximum  scurry  velocity  (E),  the  interpre- 
ters were  instructed  to  view  the  image  in  their  display 
while  movii.g  along  two  paths  at  the  maximum  velocity 
they  e pected  from  a very  good  display.  The  paths  were: 

• 60  mm  (2.4  in)  along  a relatively  straight  road,  stop- 
ping where  the  road  made  a sharp  turn 

• 120  mm  (5.8  in)  in  a straight  line,  stopping  at  a 
large,  easily  seen  airfield 
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Figure  3.10-10.  Imagery  Velocity  Preferences.  In  order 
to  obtain  an  estimate  of  velocity  F (Figure  3.10-8),  the 
three  interpreters  in  Figure  3.10-9  also  indicated  their 
satisfaction  with  various  times  required  to  translate 
imagery  250  mm  (10  in)  on  the  light  table  surface  of  their 
display.  As  this  figure  illustrates,  the  maximum  duration 
that  satisfied  most  of  the  subjects  was  approxirnately  4 
seconds,  which  corresponds  to  an  average  velocity  of 
approximately  60  mm  (2.4  in)  per  second. 


The  noise  level  produced  by  the  drive  mechanism  became 
significant  when  the  velocity  exceeded  approximately  60 
mm  (2.4  in)  per  second,  and  this  may  have  had  some  effect 
on  judgments.  At  approximately  100  mm  (4  in)  per  sec- 
ond, the  noise  level  was  very  high  and  made  some  subjects 
fear  for  the  safety  of  the  display. 


\ 


3.10-8 


\ 

\ 


/ 


SECTION  3.10  IMAGE  TRANSLATION  AND-  ROTATION 


3.10.4  CONTROL  OF  IMAGE  TRANSLATION 

RECOryiMENDATIONS: 

For  a display  limited  to  small  imagery  chips  or  moderate  sized  chips  and  a small  magnification  range, 
provide  manual  image  translation,  preferably  with  a rotary  knob. 

For  other  displays,  the  preferred  translation  velocity  control  is  a 2-axis,  position-type  joystick,  spring 
loaded  to  the  center-off  position. 

Make  image  velocity  at  a given  control  setting  constant  regardless  of  display  magnification. 

To  obtain  a wide  velocity  range  plus  adequate  control  sensitivi^/  at  low  velocities,  use  a nonlinear 
relationship  between  control  setting  and  image  velocity,  or  provide  s 5X  speedup  pushbutton  in  the  end 
of  the  joystick. 


For  moving  im-jgery  only  short  distances,  a well  designed 
manurlly  operated  system  is  superior  to  a motor-driven 
system  in  both  ease  of  use  and  cost.  A good  example  is 
the  stage  translation  mechanism  used  on  laboratory 
microscopes.  The  best  control  for  such  a device  is 
generally  a knob  or  handwheel.  Resistance  should  be 
light  so  that  the  control  can  be  operated  at  a wide  range 
of  rates. 

Tlie  best  available  single  device  for  controlling  image 
velocity  in  two  axes  is  a joystick  configured  so  that 
image  velocity  is  a function  of  joystick  position. 
Joystick  design  parameters  are  treated  in  Section  6.2  and 
operator  ability  to  adjust  a joystick  is  compared  with 
image  velocity  control  requirements  in  Figure  3.10-13 
below. 

A simple  on/off  joystick  with  a separate  knob  or 
thumbwheel  to  set  velocity  is  a functional  alternative  to 
an  ordinary  joystick.  However , because  it  is  so  much 
more  difficult  to  use,  it  should  be  avoided  except 
perhaps  when  modifying  an  existing  display  or  when  it  is 
the  only  kind  of  control  that  will  fit  in  the  available 
space. 

A force,  or  isometric,  joystick  can  be  adjusted  by  an 
operator  with  the  same  precision  as  a position-type 
joystick  (Ref.  17,B).  However,  a force  joystick  provides 
less  indication  of  control  setting  than  a position-type 
one,  and  this  can  cause  problems,  particularly  if  the 
display  user  wants  a higher  image  velocity  than  is 
available.  If  he  has  no  indication  that  he  is  at  maximum 
velocity,  he  may  keep  pushing  harder  on  the  joystick, 
increasing  both  his  fatigue  and  his  frustration  with  tlie 
display  (Ref.  18). 


Force  joysticks  are  available  that  incorporate  a small 
amount  of  movement  and  thereby  provide  the  operator 
an  indication  that  he  is  making  a maximum  input  (Ref. 
17).  These  work  well  for  tasks  such  as  positioning  a 
cursor  on  a CRT.  However,  in  the  absence  of  experience 
with  this  type  of  control  for  imagery  displays  it  should 
be  used  with  caution. 

.In  some  situations,  nrimarily  when  using  a back-and- 
forth  pattern  in  order  to  ensure  thorough  search  of  an 
entire  frame  of  imagery,  the  display  user  must  move  an 
extended  distance  along  one  axis  of  the  imagery  with  no 
motion  along  the  other.  Therefore,  the  detent  that 
indicates  the  off  position  of  a two-axis  control  such  as  a 
joystick  sh.iuid  be  sufficiently  noticeable  to  minimize 
motion  along  the  second  axis.  A special  control  which 
when  activated  would  limit  motion  to  whichever  axis 
was  receiving  the  largest  i.iput  command  might  also  be  a 
good  solution.  A control  that  must  be  switched  to 
whichever  axis  is  in  use  would  also  eliminate  the 
problem,  but  only  at  a considerable  increase  in  operating 
complexity.  I 

If  the  display  magnification  range  is  large,  the  very  wjde 
imagery  velocity  range  required  will  exceed  the  user’s 
ability  to  adjust  a simple  joystick-type  control.  The  best 
solution  is  to  couple  the  velocity  control  to  the  display 
magnification,  so  that  the  image  velocity  for  a particular 
control  setting  remains  constant  as  magnification 
changes.  Less  desirable  is  an  easily  operated  velocity 
range  control.  | 

Some  operators  will  occasionally  change  tlie  control 
input  very  rapidly.  If  the  translation  mechanism  makes 
an  extremely  fast  response  to  a change  in  control  input, 
an  undesirably  high  acceleration  may  occur.  Such 
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SECTION  C.’O  IMAGE  TRANSLATION  AND  ROTATION 


310.4  CONTROL  OF  IMAGE  TRANSLATION  (CONTINUED) 


niechunisms  should  be  protected  by  die  addition  of 
circuitry  to  limit  the  rate  of  velocity  change  to  a safe 
level. 

Wiatever  style  of  device  is  used  to  control  image 
velocity,  it  will  be  used  constantly  for  long  periods  of 
time  and  it  should  therefore  offer  liglit  resistance  to 
■notion.  Ti)is  in  turn  makes  it  more  susceptible  to 
ilia  “ 4:  lent  operation,  making  it  important  to  locate  the 
cot  i ('I  where  it  is  unlikely  to  be  bumped. 

Design  limits  on  the  two  highest  velocities  in  Figure 
3.10-8  , moving  across  several  frames  (G)  and  rewinding 


an  entire  roll  of  imagery  (H),  depend  on  how  long  the 
display  operator  should  reasonably  be  expected  to  wait 
for  the  cirmpletion  of  these  actions.  This  depends  on 
many  poorly  defined  factors,  including  how  much  time 
pressure  the  operator  is  under.  In  the  absence  of  any 
useful  test  data,  design  recommendations  in  this  area  are 
necessarily  based  on  an  educated  guess. 

The  following  figures  include  an  analysis  of  the  relation- 
sliip  that  should  exist  between  the  position  of  a joystick 
control  and  image  velocity.  A similar  analysis  can  be 
conducted  for  other  types  of  controls  if  the  precision 
with  which  an  operator  can  adjust  them  is  known. 


(a) 


Figure  3.10-11.  Control  of  Low  End  of  Velocity  Range. 
In  theory,  image  velocity  might  match  control  position, 
as  is  illustrated  in  (a).  However,  exactly  centering  the 
control  in  order  to  obtain  zero  image  velocity  will  be 
nearly  impossible,  especially  when  the  operator  is 
attempting  to  move  the  image  along  the  other  axis. 

Therefore,  the  control  mechanism  is  usually  designed  so 
that  the  image  velocity  remains  zero  as  the  control  is 
moved  through  a small  deadband  at  the  off  position.  In 
addition,  because  thu  resistance  to  motion  due  to  friction 
decreases  wh.*n  motion  starts,  most  devices  for  translating 
imagery  acceierate  very  rapidly  from  zero  to  some  small 
but  finite  velocity  (ReL  19).  The  result  of  these  two 
effects  is  a typical  image-velocity  to  control-position 
relationship  like  that  shown  in  (b). 

With  some  imagery  translation  mechanisms,  the  velocity 
obtained  when  the  control  reaches  the  position  where 
motion  starts  is  excessive,  but  the  velocity  can  then  be 
reduced  to  a more  reasonable  value  by  moving  the  control 
back  toward  zero,  following  the  broken  portion  of  the 
curve  in  the  figure.  The  effective  minimum  non-zero 
velocity  in  this  case  (B  in  Figure  3.10-8)  is  that  obtained 
at  the  control  setting  where  motion  starts,  rather  than  the 
minimum  that  can  be  achieved.  This  kind  of  disp'ay 
response  can  cause  the  operator  to  feel  that  the  image  is 
running  away,  and  it  should  be  avoided. 
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3.10.4  CONTROL  OF  IMAGE  TRANSLATION  (CONTINUED! 


a • 0.7%  OF  JOYSTICK  RANGE  (aisumed  rang* 
if  ±30°.  or  60°l 

f SETTING  PRECISION  FOP  VERY 

GOOD  JOYSTICK 
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JOYSTICK 


REDUCTION  TO  ENSURE 
CONVENIENT  OPERATION 


Figure  3.10-12.  Joystick  Positioning  Ability.  Testing  has 
demonstrated  that  with  an  adequate  display,  a high-quality 
joystick  can  be  positioned  to  within  0.2  percent  of  its 
total  range  (Ref.  17,B).  For  an  average  quality  joystick 
that  has  seen  many  hours  of  use,  this  value  should  be  in- 
creased; a factor  of  2 is  used  here.  It  should  also  be 
increased  because  the  operator  should  not  have  to  be  con- 
cerned about  positioning  the  control  precisely;  this  intro- 
duces a second  factor  of  2.  On  this  basis,  the  display 
operator  can  reasonably  be  expected  to  position  a joy- 
stick control  to  within  0.8  percent  of  its  full  range,  or  to 
any  one  of  125  positions. 

This  means  that  in  order  to  obtain  a desired  minimum 
non-zero  velocity  (B  in  Figure  3.10-8),  the  operator  will 
be  eble  to  use  a joystick  displacement  from  the  center,  or 
null  position,  of  about  1/6Cith  of  the  full  deflection. 


Figure  3.10-13.  Control  of  Entire  Velocity  Range. 
Assuming  that  the  simple  analysis  in  Figure  3.10-12  is 
valid  and  that  the  deadband  will  not  take  up  much  of  the 
control  range,  the  operator  should  be  able  to  conveniently 
set  the  joystick  to  approximately  60  positions  either  side 
of  center.  If  the  relationship  between  joystick  position 
and  velocity  is  li.iear,  as  in  (a),  then  the  maximum  veloc- 
ity is  60  times  the  minimum  that  the  operator  must  be 
able  to  maintain.  Assuming  that  the  minimum  non-zero 
velocity  of  the  display  approximately  matches  the  mini- 
mum required  by  the  user  (B  in  Figure  3.10-8)  and  that 
the  control  circuitry  automatically  compensates  for 
changes  in  magnification,  then  this  60  to  1 velocity  range 
would  accommodate  velocities  B to  E of  Figure  3.10-8, 
but  would  leave  little  room  for  F or  G. 

The  best  way  to  increase  the  available  velocity  range  while 
nraintaining  adequate  control  sensitivity  at  low  velocities 
is  by  making  the  relationship  between  control  position  and 
velocity  nonlinear,  as  is  illustrated  in  (b).  The  exact  shape 
of  the  nonlinear  function  can  not  be  determineo  f um 
available  data,  but  an  adequate  design  should  be  easy  to 
develop. 

An  alternative  method  for  increasing  the  range  of  velocities 
available  is  to  provide  a velocity  range  control.  For  conven- 
ience, this  should  be  a pushbutton  mounted  in  the  end  of 
the  joystick  that  increases  velocity  by  a factor  of  at 
least  5 when  depressed.  This  option  is  illustrated  in  (c).  It 
will  not  be  as  convenient  to  use  as  the  nonlinear  control. 
Depressing  the  pushbutton  should  increas**  the  velocity, 
rather  than  r jduce  it,  because  it  will  reduce  the  operator's 
ability  to  position  the  stick  precisely. 
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SECTION  3.10  IMAGE  TRANSLATION  AND  ROTATION 


3.10.5  PRECISE  IMAGE  POSITIONING  (COMPARATORS) 


Controls  used  to  position  an  image  very  precisely  relative 
to  a reticle  present  different  probleois  than  were  treated 
in  the  previous  section.  Tlie  principal  application  is  in 
comparators  (Section  5.3). 

Hie  standard  dimensiomd  unit  for  comparators  is 
micrometers  (pm)  (1 /am  = 10'^  m)  on  the  imagery, 
rather  than  a visual  angle  in  the  image  as  was  used  in  the 
previous  section.  Using  an  imagery  dimension  in  the 
analysis  that  follows  eliminates  the  need  to  consider 
display  magniHcation. 

At  one  extreme,  the  translation  system  must  not  reduce 
the  precision  with  which  the  operator  can  align  the 
reticle  with  an  edge  in  the  imagery.  For  several  skilled 
operators  using  three  different  comparators  to  make 
pointings  on  edges  in  good  quality  imagery,  the  average 
standard  deviation  for  individual  operators  was  2.5  pm 
(Ref.  20,B).  Expressing  this  another  way.  67  percent  of 
the  pointings  made  by  a single  operator  on  a single  edge 
would  fall  within  a region  5.0  pm  wide.  In  order  that  the 
stage  translation  system  not  significantly  increase  this 
value,  it  should  allow  the  operator  to  easily  position  the 
reticle  within  a much  smaller  region,  preferably  no 
greater  than  1 .0  pm. 

At  the  other  extreme,  the  operator  must  be  able  to  move 
across  an  entire  imagery  chip  in  a reasonable  period  of 
tine.  Chip  size  is  limited  by  the  size  of  the  stage,  which 
for  a typical  high-precision  comparator  might  be 
250,000  pm  (10  in).  There  is  no  way  to  determine 
exactly  how  long  a wait  the  user  will  tolerate  for  the 
completion  of  this  excursion,  but  30  seconds  is  a 
reasonable  upper  limit.  This  implies  a need  for  a 
maximum  velocity  of  at  least  8300  pm  per  second. 


Figure  3.10-14  below  contains  an  analysis  of  the  thre' 
most  promising  types  of  controls: 

• A manually  operated  crank/handivheel.  This  control 
would  be  used  as  a crank  for  high  velocities  and  as  a 
handwheel  for  precise  positioning. 

• A trackball  operated  in  the  position  mode. 

• A joystick  operated  in  the  velocity  mode,  so  that 
joystick  position  determines  image  velocity. 

The  implication  of  this  analysis  is  that  none  of  the  three 
control  devices  is  particularly  good  by  itself.  Both  a 
crank/handwheel  and  a trackball  take  too  long  to  cross 
the  stage  and  will  require  a second  control,  probably 
operating  in  the  velocity  mode,  to  perform  this  function. 
A velocity  mode  joystick  will  probably  require  both  a 
nonlinear  relationship  between  control  setting  and  veloc- 
ity and  a separate  velocity  range  control  in  order  to 
obtain  the  necessary  velocity  range. 

Some  types  of  controls,  such  as  joysticks  and  trackballs, 
are  inherently  suitable  for  controlling  motion  along  both 
X and  V axes  simultaneously.  Others  such  as  handwheels 
are  basically  single-axis  devices.  The  impact  of  these 
differences  depends  on  the  application.  Nonstereo  men- 
suration involves  reticle  movement  along  both  axes  and 
so  two-axis  controls  are  much  more  convenient.  On  the 
other  hand,  much  of  floating  dot  stereo  height  mensura- 
tion involves  moving  a single  stage  in  the  X direction  in 
order  to  measure  lateral  disparity.  In  this  application  a 
two-axis  control  such  as  a trackball  is  likely  to  result  in 
movement  in  the  Y direction  when  it  is  not  desired.  The 
same  is  true  of  a joystick  unless  a noticeable  detent 
indicates  when  the  stick  is  moved  out  of  the  null 
position  along  each  axis. 
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3.10.5  PRECISE  IMAGE  POSITIONING  (COMPARATORS)  (CONTINUED) 


CONTROL  DEVICE 
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Figure  3.10-14.  Analysii  of  Comparator  Control  Oevicet. 
An  analysis  of  three  kinds  of  devices  that  might  be  used  to 
control  the  translation  of  a comparator  stage  is  illustrated 
here.  If  the  stage  to  control  movement  ratio  at  the  first 


two  devices  is  set  to  ensure  adequate  precision  when  posi 
tioning  the  stage,  too  much  time  is  required  to  cross  the 
stage.  The  third  device  requires  a velocity  range  that  will 
be  very  difficult  to  achieve  in  a single  control. 
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3.10.6  IMAGE  ROTATION  AND  INTERCHANGE  BETWEEN  THE  EYES 

RECOMMENDATIONS: 

Provide  a means  of  rotating  the  image  through  360  degrees.  Preferably  allow  both  physical  and  optical 
rotation. 

Provide  a convenient  means  of  adjusting  optical  rotation  exactly  to  zero,  and  of  locking  it  in  that  position. 

Provide  a scale  to  indicate  the  optical  rotation  setting.  Ideally,  include  an  indication  of  the  rotation  in  the 
display  field. 

In  order  to  eliminate  inadvertent  rotational  misregistration  between  the  image  to  each  eye  in  a binocular 
monoscopic  display  utilizing  a separata  optical  path  to  each  eye,  place  the  image  rotator  between  the 
beamsplitter  and  the  imagery. 

With  a stereoscopic  display,  provide  a means  by  which  either  eye  can  view  either  member  of  the  stereo 
pair,  preferably  without  moving  the  imagery  or  repositioning  the  equipment. 


The  preferred  orientation  for  viewing  an  image  of  a 
ground  scene  depends  on  the  following: 

• Shadow  direction 

• Obliquity  direction 

• Orientation  of  reference  material,  such  as  another 
photo  or  a map 

• Camera  flightpath  if  the  image  is  in  stereo(FigureS.l-5) 

The  image  should  be  oriented  so  that  shadows  fall 
toward  the  observer.  If  they  fall  away,  interpretation  of 
relief  is  more  difficult  and  some  features  may  be  seen 
reversed.  This  is  a particular  problem  with  hills  and 
depressions  on  the  ground,  which  do  not  provide  such 
strong  cues  to  their  shape  as  do  buildings  and  other 
cultural  features. 

The  image  should  also  be  oriented  so  that  the  obliquity 
direction  is  normal.  That  is,  raised  objects  such  as 
buildings  and  trees  should  fall  away,  rather  than  toward 
the  observer.  If  the  obliquity  is  reversed,  ground  features 
will  be  difficult  to  interpret  and  the  observer  may  have  a 
sensation  of  viewing  the  world  while  standing  on  his 
head. 

A conflict  can  occur  between  obliquity  and  shadow 
directions.  For  most  observers  obliquity  is  the  most 
important,  particularly  if  there  is  a significant  amount 
present. 

As  the  following  two  figures  illustrate,  the  right  and  left 
eye  members  of  a stereo  pair  do  not  always  fall  in  the 


same  relative  locations  on  a roll  of  imagery.  Therefore, 
in  addition  tn  rotating  the  images,  a stereo  display  must 
allow  the  observer  to  view  either  member  of  the  pair 
with  either  eye.  Usually  an  optical  switch  in  the  display 
is  the  most  convenient  way  of  achieving  this  goal,  but  its 
advantages  must  be  weighed  against  the  cost  and  possible 
reduction  in  image  quality. 

To  view  imagery  in  stereo,  it  is  essential  that  the  camera 
flightpath  be  approximately  parallel  to  a line  connecting 
the  entrance  pupils  of  the  observer’s  eyes.  (See  Section 
5.1.1.)  For  many  display /imagery  combinations,  image 
rotai  on  of  90  degrees  or  180  degrees  is  necessar-  to 
achieve  this  situation.  In  addition,  if  significant  obliquity 
is  present,  objects  will  be  rotated  a few  degrees  in  the 
opposite  direction  in  the  two  members  of  the  stereo  ,.air 
and  the  best  stereo  can  be  obtained  only  if  these  small 
rotations  are  removed  in  the  display. 

Image  rot.ation  can  be  achieved  by  physically  turning  the 
imagery  or  by  optically  rotating  the  displayed  image 
with  mirrors  or  a prism.  Physical  rotation  of  the 
imagery,  if  feasible,  is  superior  to  optical  rotation  of  the 
image  for  the  following  reasons: 

• If  the  imagery  can  be  viewed  directly,  without  optical 
aids,  then  if  no  optical  rotation  is  in  use  it  will  have 
the  same  orientation  as  the  displayed  image. 

• With  a manual  image  translation  system,  the  image 
can  be  positioned  more  easily  with  no  optical  image 
rotation  in  use  because  the  direction  of  image  motion 
and  hand  motion  will  match. 
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3.10.6  IMAGE  ROTATION  AND  INTERCHANGE  BETOEEN  THE  EYES  (CONTINUED) 


• With  a motorized  image  translation  system,  optie  1 
rotation  of  the  image  requires  compensation  with.  i 
the  display  so  that  the  direction  of  image  motion  will 
always  match  the  direction  of  control  motion. 

• Wlien  viewing  in  stereo,  the  two  images  must  be 
rotated  as  described  in  Figure  5.1-5.  If  this  is  achieved 


by  optically  rotating  one  image  relative  to  the  other, 
then  translation  will  cause  the  two  images  to  appear 
to  move  in  different  directions,  destroying  the  stereo 
alignment.  With  only  physical  rotation  of  the  two 
pieces  of  imagery,  translation  over  a considerable 
dis  iice  while  viewing  stereo  will  be  possible. 


Figure  3.10-15.  Panoramic  Stereo  Imagery.  The  shapes  of  three  identical  buildings  as  they  are  imaged  by  a pair  of  pano- 
ramic slit  cameras  are  illustrated  (Ref.  22).  The  two  rolls  of  film  obtained  from  such  a collection  system  are  typically 
mounted  on  a light  table  at  a right  angle  to  the  observer's  line  of  sight. 

In  order  to  obtain  a stereo  image,  both  images  must  be  rotated  approximately  90  degrees.  Close  to  nadir,  the  best  rotation 
is  exactly  90  degrees,  and  at  an  obliquity  angle  of  40  degrees,  it  differs  from  90  degrees  by  approximately  10  degrees  in  the 
directions  illustrated  in  the  figure. 

Close  to  nadir,  the  choice  of  which  eye  sees  which  image  is  arbitrary,  but  in  other  regions  the  choice  is  dictated  by  the  obliq- 
uity. Design  of  the  display  is  complicated  by  the  fact  that  the  correct  choice  is  different  on  either  side  of  the  nadir  point. 
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3.10.7  CONTROL  OF  THE  DIRECTION  OF  IMAGE  MOTION 

RECOMMENDATIONS; 

Make  the  direction  of  motion  in  the  displayed  image  match,  at  least  to  within  10  or  20  degrees,  the 
direction  of  displacement  ot  a two-axis  image  translation  control. 

The  control  rotation  need  not  be  infinitely  adjustable.  Rotation  in  90-degree  increments  is  essential. 
Manual,  rather  than  automatic,  rotation  of  the  control  following  image  rotation  is  adequate. 


The  direction  in  which  the  displayed  image  moves 
sliould  have  a consistent  relationship  with  the  direction 
in  which  a two-axis  image  translation  control  is  dis- 
placed, regardless  of  what  image  rotation  setting  is  in 
use.  In  Section  3.10.6,  a requirement  for  the  capability 
to  rotate  the  image  thiougli  a full  360  degrees  is 
developed.  However,  as  Figure  3,10-15  illustrates,  the 
image  rotation  in  use  will  almost  always  be  within  a few 
degrees  of  0, 90,  or  1 80  degrees.  Therefore,  althougli  full 


rotation  is  preferred,  it  is  reasonable  to  reduce  the 
complexity  of  the  control  system  by  limiting  rotation  of 
the  control  to  increments  of  90  degrees. 

Any  convenient  technique  for  rotating  the  control 
output  so  that  it  and  the  image  match  is  acceptable.  For 
example,  a four-position  switch  can  be  used  to  inter- 
change the  signals  from  the  control.  Alternatively,  the 
translation  control  can  be  manually  rotated. 
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Figure  3.10-16.  Control/Image  Direction  Relationships. 

The  control  system  can  be  designed  so  that  the  direction  of 
control  movement  matches  either  the  movement  of  the 
image  or  the  movement  of  the  display.  That  is,  the  user  can 
either  think  of  the  display  as  being  fixed  and  use  the  control 
to  move  the  image,  or  he  can  think  of  the  image  as  being 
fixed  and  he  can  fly  the  display  across  it.  There  is  no  test 
data  on  which  to  base  a choice  between  these  two  options, 
and  experience  indicates  that  it  is  fairly  easy  to  adapt  to 
either. 

However,  if  the  display  is  fixed  physically  so  that  it  is 
aaually  the  imagery  that  moves,  and  if  the  imagery  can  be 
viewed  directly,  then  the  first  choice  is  best.  With  this 
chcice,  the  motion  of  both  the  image  and  the  imagery  will 
match  the  motion  of  the  control,  at  least  when  no  image 
rotation  is  in  use. 

Adaptation  to  a shift  of  90  degrees  between  image  and 
control  direction  is  possible  but  will  be  disturbing  to 
some  users  and  should  be  avoided. 

A situation  in  which  the  direction  of  image  and  control 
motion  differ  by  more  than  10  or  20  degrees  from  a dif- 
ference of  0, 90,  or  180  degrees  is  extremely  disturbing 
and  will  make  it  impossible  for  some  individuals  to  use 
the  display  effectively.  With  common  types  of  imagery 
there  is  little  reason  for  this  kind  of  situation  to  occur, 
even  if  control  rotation  is  limited  to  increments  of  90 
degrees. 
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RECOMMENDATION: 

Reduce  image  vibration  to  the  point  where  it  does  not  reduce  the  quality  of  the  displayed  image.  For 
vibration  in  the  pla;:e  of  the  image,  this  is  probably  a maximum  peak-to-peak  vibration  amplitude  no  more 
than  one-fourth  the  resolution  limit  for  a high  contrast  grating  (Figure  3.11-2). 

In  situations  where  vibration  cantrot  be  eliminated,  reduce  the  vibration  amplitude  by  increasing  the 
vibration  frequency  (Figure  3.11-7). 


Tlie  impact  of  vibration  of  the  image  in  an  imagery 
display  is  treated  in  this  section.  If  vibration  of  the 
observer  along  with  the  display  is  anticipated,  additional 
sources  should  be  consulted  (Ref.  1). 

Tlie  quality  of  the  image  in  an  imagery  display  should 
not  be  reduced  by  vibration.  The  limited  test  data 
available  make  it  impossible  to  set  good  quantitative 
limits,  and  in  any  case,  measuring  vibration  amplitude  at 
high  display  magnification  is  so  difficult  that  such  limits 
are  not  very  useful.  As  a result,  in  most  situations  the 
best  way  to  determine  if  vibration  is  a problem  is  to 
compare  display  image  quality  measured  under  normal 
operating  conditions  and  again  with  all  possible  sources 
of  image  vibration  eliminated. 

Oscillatory  variation  in  the  axis  running  from  tlie 
imagery  to  the  objective  lens  of  the  display  will  blur  the 
image  if  the  displ.icement  exceeds  the  display  depth  of 
field  calculated  with  no  allowance  for  variation  in  eye 
accommodation  (Section  3.8.2).  Although  this  is  cer- 
tainly a common  problem  for  microscope  type  displays 
on  lightweight  mounts,  there  is  no  known  test  data.  In 
general,  the  same  solution  discussed  in  Figure  3.11-7 


applies.  Tliat  is,  if  the  variation  in  distance  • Jmall 
cnougli  there  will  be  no  loss  of  image  quality,  and  one 
way  of  making  the  variation  small  is  to  increase  the 
vibration  frequency. 

The  first  step  in  eliminating  vibration  is  to  redesign  the 
source  of  the  vibrational  energy.  For  example,  it  may  be 
possible  to  improve  the  balance  of  a cooling  fan,  or 
perhaps  to  reduce  its  velocity.  Second,  a change  in  the 
mount  that  connects  the  vibration  source  to  the  display 
may  result  in  more  of  the  vibrational  energy  being 
converted  to  heat  instead  of  being  transmitted  into  the 
rest  of  the  display.  Finally,  it  may  be  necessary  lo 
change  the  structure  of  the  display  so  that  the  vibration 
occurs  at  a more  desirable  frequency.  Tlie  data  in 
Figures  3.11-1  and  -2  below  provide  very  limited 
evidence  that  vibration  reduces  vision  less  at  low  than  at 
high  frequencies.  However,  vibration  amplitude  varies 
inversely  with  the  square  of  the  vibration  frequency 
(Figure  3.11-7).  Therefore,  it  will  usually  be  best  to 
redesign  the  display  structure  to  increase  the  vibration 
frequency  to  the  point  where  vibration  amplitude  is 
negligible. 
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PEAK-TO-PEAK  AMPLITUDE 
(arc  minutes) 


Figure  3.11-1.  Change  in  Visibility  of  a Single  Low  Con- 
trast Elar.  Detection  of  a single  7 by  ’60  arc  minute  posi 
tive  contrast  bar  required  a greater  contrast  when  it 
was  vibrated  at  32  Hz  than  when  it  was  stationary  (Ref. 
2,C).  When  the  vibration  frequency  was  4 Hr,  there  was 
actually  a slight  enhancement  of  visibility.  The  available 
data  are  not  adequate  to  predict  whether  this  enliai; ce- 
ment would  also  occur  for  the  more  complex  image  nor- 
mally seen  in  an  imagery  display. 


Figure  3.11-2.  Reduction  in  Visibility  of  a High  Contrast 
Grating.  The  increase  in  size  required  for  3 observers  to 
detect  the  orientation  of  a grating  when  it  was  vibrating  at 
different  frequencies  is  illustrated  here  (Ref.  3,0.  The 
impact  of  vibration  was  greatest  at  frequencies  of  20  Hz 
or  higher,  and  as  the  peak-to-peak  vibration  amplitude 
exceeded  0.25  cycle.  Note  that  0.25  cycle  corresponds  to 
approximately  0.25  of  the  resolution  limit  for  the  grating 
under  the  (larticular  viewing  conditions  in  use.  A theoreti- 
cal analysis  in  this  reference  implied  that  the  loss  would 
be  more  dramatic  for  a lower  contrast  grating. 

The  small  loss  as  the  amplitude  increased  from  1.0  to  1.75 
cycles  is  probably  a result  of  the  periodic  nature  of  the 
target.  The  loss  for  more  common  materials,  such  as 
imagery,  would  likely  be  much  greater. 
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Figure*  3.11-3.  Lots  in  Digit  Reading  Ability  With  Vibra- 
tion. When  the  amplitude  of  the  motion  was  large 
enough,  the  luminance  low  enough,  and  the  type  small 
enough,  vibration  reduced  the  ability  of  subjects  to  indi- 
cate whether  the  two  digits  in  a pair  were  identical  (Ref. 
4,C).  This  loss  was  greater  at  15.5  and  30.5  Hz  than  at  7.5 
Hz.  Since  the  test  targets  v/ere  high  contrast,  it  is  difficult 
to  apply  these  results  directly  to  imagery  displays.  The 
time  required  to  complete  the  task  increased  in  the  same 
fashion  as  errors  and  is  not  illustrated  here. 


Figure  3.11-4.  Threshold  for  Perception  of  Vibration. 

The  study  summarized  in  the  previous  figure  was  preceded 
by  an  experiment  to  measure  the  minimum  motion  at 
which  subjects  could  detect  vibration  (Ref.  F,C).  Unfortu- 
nately, performance  was  not  measured  with  no  vibration 
and  it  is  not  possible  to  be  certain  that  a vibration  ampli- 
tude of  1.9  arc  minutes  did  not  reduce  performance.  How- 
ever, the  data  in  Figure  3.1 1-3  suggest  that  this  is  the  case, 
leading  to  the  conclusion  that,  at  least  *or  large  high  con- 
trast objects,  vibration  can  be  detected  at  levels  that  will 
not  hurt  performance.  Performance  was  not  different  at 
the  two  levels  of  luminance  tested,  44  cd/m2  and  82 
cd/m2(l3and  24  fL). 

In  attempting  to  apply  this  result  to  a display,  it  is 
important  to  note  that  the  test  subjects  were  allowed  to 
view  the  digits  both  with  and  without  vibration  present. 

Increasing  the  frequency  of  vibration  made  it  more 
difficult  to  detect.  This  is  the  opposite  of  the  impact 
of  frequency  on  visual  performance. 
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Figure  3.11-S.  Test  Setup  for  Evaluating  Vertical 
Vibration  in  Television  Displays.  Subjects  responded 
to  vertical  vibration  in  an  image  viewed  on  a closed 
circuit  color  television  (Ref.  6,C). 

Scene  content  was  representative  of  commercial  tele- 
vision. Several  subjects  were  tested  at  once,  so  distance 
to  the  display  ranged  from  2.0  to  3.8m  (80  to  150  in), 
with  a mean  value  of  2.9m  (115  in). 


Figure  3.11-6.  Subjective  Response  to  Vertical  Vibration 
in  a TV  Display.  The  subjects  judged  each  display  condi- 
tion according  to  how  disturbing  the  vibration  was  and 
whether  the  quality  was  acceptable  for  home  viewing.  The 
four  categories  were; 

1 — Vibration  not  perceptible;  acceptable  quality 

2 - Vibration  perceptible;  acceptable  quality 

3 — Vibration  slightly  disturbing;  not  acceptable 

4 — Vibration  very  disturbing;  not  acceptable 

In  contrast  to  the  studies  discussed  earlier  in  this  section, 
image  quality  was  reduced  most  by  vibration  frequencies 
of  3 to  6 Ha.  Moving  scenes  were  less  sensitive  to  vibra- 
tion, perhaps  because  of  some  type  of  temporal  integra- 
tion or  perhaps  simply  because  the  image  quality  of  the 
moving  scenes  was  poorer  before  the  introduction  of 
vibration. 
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Figure  3.11-7.  Interaction  of  Vibration  Parameteri.  The 
relationship  among  vibration  energy,  amplitude  and  fre- 
quency, is  (Ref.  7); 

A 

E “ 4^  .where 

E “ the  vibration  energy  in  acceleration,  or  g,  units, 

A = the  double  amplitude  of  the  motion  in  mm,  and 
f » die  frequency  in  Hz 

This  relationship  is  illustrated  in  the  three  figures,  once 
with  each  of  the  three  terms  held  constant. 

Referring  to  the  first  figure,  where  vibration  energy  is  a 
constant,  redesign  of  the  display  to  increase  vibration 
frequency  will  drastically  reduce  vibration  ampiitude. 
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SECTION  4.0  ELECTRO  OPTICAL  IMAGERY  DISPLAYS 


This  seclion  is  anicorned  with  the  interaLiion  tictwoen 
tlic  characteriilics  of  clcctmopncal  imapiiig  systems  aiul 
the  ability  of  the  interpreter  to  extract  inrormatior.  of 
intelligence  value  from  the  images  they  produce.  Section 
4.1  provides  a brief  introduction  to  the  basic  concepts 
and  vocabulary  of  electro-optical  systetns  for  those 
readers  not  familiar  with  the  area.  Section  4.2  contains 
data  on  interljce  techniques  and  their  effect  on  the 
appearance  of  flicker,  line  cwivA  and  seintillalion  of  the 
image  produced  on  caihotle  ray  lubes. 

Data  from  laboratory  studies  on  interpreter  performance 
and  visual  performance  as  a function  of  electro-optical 
system  characteristics  are  presented  in  Section  4..^  along 
with  data  on  image  quality  judgments  where  perform- 
ance data  was  lacking.  Ihe  inlluence  of  specific  system 
characteristics  on  the  nature  of  the  visual  stimulus  is 
discussed  in  Section  4.4. 

The  primary  cmpiiasis  is  on  the  use  of  the  CRT  as  the 
image-producing  device.  In  instances  where  performance 
or  quality  judgment  data  were  available  for  imagery 
generated  by  optical  tine  scan  printers,  it  has  been 
included. 

All  electro-optical  image-forming  systems  are  sampling 
systems;  that  is,  they  do  not  produce  a continuous 


two-dimensional  image,  but  rather  they  reproduce  such 
images  as  a series  of  samples  in  either  one  or  two 
dimensions.  This  sampling  process  creates  artifacts  of 
.several  kinds,  most  of  which  the  designer  can  do  little  to 
control.  However,  one  type,  aliasing  can  be  controlled  to 
some  extent  by  the  designer.  Aliasing  occurs  when  a 
signal  is  sampled  at  a rate  less  than  twice  its  frequency 
(Ref.  I ).  If  the  optics  of  the  imaging  system  are  designed 
to  prevent  the  presence  of  images  on  the  photosensor 
that  have  a greater  than  twice  the  spatial  frequency  of 
the  sampling  system  {electron  beam  or  sensing  element 
size),  then  aliasing  will  be  avoided.  A complete  discus- 
sion of  this  problem  is  outside  the  scope  of  the  present 
handbook. 

Developing  design  recommendations  for  the  display  of 
electro-optical  imagery  is  a hazardous  undertaking.  In 
many  instances  the  data  upon  which  recommendations 
are  based  are  fragmentary,  or  have  been  collected  under 
conditions  which  make  generalization  to  broader  appli- 
cations a questionable  practice.  Most  of  the  recom- 
mendations which  follow  in  this  section  therefore 
include  cautions  concerning  their  application.  In  some 
instances,  recommendations  are  included  for  which 
substantiating  data  is  lacking.  These  are  based  on  present 
design  practice  or  estimates  of  performance  effects  and 
are  followed  by  a warning. 


RECOMMENDATION: 

The  peak  luminance  produced  by  a CRT  used  to  display  imagery  should  be  at  least  85  cd/m^  (25  (fL),  but 
probably  no  greater  titan  350  cd/m^  (~  100  fL),  unless  special  provisions  are  provided  to  prevent  light 
reflections  and  scattering  in  the  faceplate. 

Warning:  No  data  relating  CRT  luminance  to  interpreter  performance  is  available.  The  recommendation  is 
based  on  the  need  to  provide  adequate  luminance  for  the  visual  system  as  discussed  in  Section  3.2  while  at 
the  same  time  recognizing  that  the  contrast  of  the  image,  particularly  in  low  luminance  areas  vzill  be 
degraded  by  light  which  is  scattered  within  the  faceplate  (Figures  4.4-24  and  4.4-25). 
RECOMMENDATION: 

For  black  and  white  systems,  bandwidth  should  be  partitioned  equally  between  quantiziiig  levels  and 
spatial  frecitiency  until  a 3-bit  quantizing  level  has  been  reached.  After  this  level,  bandwidth  should  be 
partitioned  between  spatial  frequuncy  and  quantizing  levels  at  the  ratio  of  2:1. 

Caution:  Data  on  this  subject  is  contradictory.  Figure  4.3-42  shows  that  for  judged  image  quality  for 
home  entertainment  purposes,  spatial  frequency  appears  to  almost  universally  take  precedence  over 
quantizing  levels.  Figure  4.3-44  shows  performance  improving  up  to  the  7-bit  quantizing  level.  Figure 
4.3-45  shows  that,  in  terms  of  total  information  needed  and  therefore  bandwidth  requirements,  lower 
spatial  resolutions  are  better  up  to  about  an  80-percent  performance  level  on  dot-scanned  transparencies 
generated  by  an  optical  line  scan  image  generator. 

RECOMMENDATION: 

The  signal-to-noise  ratio  (SNR)  for  the  signal  delivered  to  the  electron  gtin  of  a CRT  display  system  should 
exceed  35  dB  for  the  peak  luminance  signal. 

Caution:  Performance  will  improve  somewnat  above  this  level.  A higher  SNR  is  desirable,  if  it  can  be 
provided.  ' 
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RECOMMENDATION: 

Line  pairini!  should  not  exceed  +5  percent  (Figure  4.4-18). 

Warning;  No  performance  data  are  available  to  substantiate  this  recommendation.  As  the  referenced 
figure  shows,  banding  which  will  lead  to  errors  in  nitKliihition  transfer  will  occur  if  line  pairing  exists.  The 
recommendation  is  based  on  current  good  design  practice  (Ref.  2). 

RECOMMENDATION:  CRT  Line  Spacing 

The  scan  lines  on  a CRT  display  should  overlap  at  the  50-percent  intensity  level. 

Warning:  No  performance  data  are  available  to  substantiate  this  recommendation.  A compromise  must  be 
made  between  the  visibility  of  the  scan  line  structure  which  may  be  undesirable  and  image  modulation  and 
resolution  perpendicular  to  the  scan  lines,  which  should  be  preserved  to  the  extent  possible. 
RECOMMENDATION: 

The  difference  in  flat  field  Inininaiu  e between  the  center  and  edges  of  the  CRT  display  (sliadiii};)  should 
not  be  greater  than  20  percent. 

Warning:  No  performance  data  exist  to  substantiate  this  recommenda  *cn.  CRT's  with  small  deflection 
angles  shoulr!  exhibit  less  shading  than  CRT's  with  large  deflection  ang  js.  If  the  criteria  cannot  be  met 
without  extensive  development  engineering  expense,  then  the  value  of  such  expenditures  should  be 
determined  through  performance  testing  on  simulated  systems  before  engineering  is  bee  j i. 

Use  of  high-order  interlace  in  tasks  where  image  motion  is  minimum,  high-order  line-dot  interlace  display 
systems  using  long-persistence  phosphors  should  be  considered. 

Caution:  The  data  which  show  that  image  quality  can  be  maintained,  or  even  improved,  for  static  scenes 
by  use  of  high-order  line-dot  interlace  techniques  were  developed  fron.  judgments  of  image  acceptability, 
not  interpretation  per.ormance.  Before  such  a system  is  adopted  for  any  major  installation,  prototype 
equipment  directed  at  the  intended  application  must  be  built  and  evaluated  (Figures  4.2-8  through 
4.2-13). 

RECOMMENDATION: 

For  static  images  used  in  tasks  not  requiring  the  maximum  target  area  coverage,  a square  image  format  on 
the  CRT  display  should  be  used. 

Caution;  No  data  exist  dealing  specifically  with  this  problem  for  other  than  real-time  reconnaissance, 
where  displays  having  their  long  dimension  in  the  direction  of  the  flightpath  yielded  better  interpreter 
performance  for  some  conditions  than  the  square  format.  The  recommendation  is  based  on  the 
improvements  in  horizontal  resolution  that  can  be  achieved  by  the  reduced  electron  beam  deflection 
angles  and  the  distance  through  which  a beam  must  travel  to  cover  a square  format  as  opposed  to  one  with 
a 4:3  aspect  ratio. 

RECOMMENDATION: 

CRT  size  should  be  selected  so  that  the  scan  line  structure  will  be  marginally  visible  for  a flat  field  of 
maximum  intensity  at  the  intended  viewing  distance,  and  should  subtend  a visual  angle  of  at  least  20 
degrees. 

Warning:  No  performance  data  exist  to  substantiate  this  recommendation.  One  study  on  display  size 
showed  that  the  visual  angle  needed  to  identify  a target  increased  with  display  size,  suggesting  that  the 
number  of  scan  lines  per  target  was  the  determining  factor  (Figure  4.3-55).  If  such  is  the  case,  the  smallest 
display  compatible  with  maintaining  a 20-degree  field  of  view  (Figure  4.3-54)  should  be  provided. 
RECOMMENDATION: 

Given  equal  quality  in  other  chaiacteristics,  cathodo  ray  tubes  should  be  chosen  that  can  cover  the 
required  image  format  with  the  smallest  electron  beam  defection  angles  in  order  to  reduce  resolution  and 
contrast  loss  at  the  edges  of  the  image. 

Caiition:  No  performance  data  are  available  on  this  subject.  The  loss  of  performance,  if  any,  as  a function 
of  off-axis  resolution  and  contrast  loss  has  not  been  studied  in  CRT's. 

RECOMMENDATION: 

If  color  imagery  is  to  be  used  and  the  imaging  system  is  operating  near  the  acceptable  limits  of  esolution, 
the  use  of  a four-cube  color  camera  is  desirable  (Figure  4.1-11). 
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Caution:  Four-tube  color  cameras  generally  require  more  illumination  than  three-tube  cameras.  The 
illumination  ranga  of  the  material  to  be  used  must  be  known  and  related  to  camera  performance 
specifications. 

RECOMMENDATION: 

Provide  separate  black  and  white  and  color  CRT's  to  interpreters  who  must  work  with  both,  and  require 
the  maximum  resolution  which  can  be  provided  from  the  black  and  white  image  (Figure  4.4-17). 

Caution:  Color  CRT's  contain  aperture  masks  and  discontinuous  phosphors,  which  have  the  effect  of 
reducing  resolution;  no  data  is  available  to  quantify  the  loss  in  terms  of  interpreter  performance. 
RECOMMENDATION: 

The  face  of  a CRT  display  should  be  shielded  to  prevent  ambient  illumination  from  reaching  it  (Figure: 
4.4-26  and  4.4-27). 

There  are  no  data  relating  a loss  of  interpreter  performance  to  contrast  losses  in  the  CRT  image  caused  b^ 
either  the  diffuse  reflection  of  ambient  light  from  the  surface  of  the  phosphor  or  specular  reflections  front 
the  glass  elements  of  the  lai  eplate.  However,  calculations  clearly  show  the  contrast  losses  involved,  ant 
they  should  be  prevented  by  considering  the  lighting  environment  in  which  the  tube  will  operate  so  tha 
appropriate  shields  can  be  provided. 

RECOMMENDATION: 

A spot  shape  providing  either  linear  or  quadratic  interpolation  of  transmittance  Vwiuf’s  in  two  dimension 
should  be  selected  for  optical  line-scan  image  generators  (Figures  4.3-56  and  4.3-57). 

Caution:  The  data  from  the  studies  in  the  referenced  figures  are  from  judgments  of  the  intelligcnc 
content  of  the  images  tested  and  not  on  interpretation  performance. 
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lliis  section  is  iticUuled  lor  lliose  toudets  who  lack  material  that  appears  later  in  this  section  hy  providing 

I'annliarity  with  the  operating  principles  of  electro-  him  with  additional  knowledge  ot  the  operating  charac- 

optical  imaging  systems.  tcristics  of  these  systems  and  the  terminology  used  to 

descrihe  them. 

It  is  designed  to  assist  the  reader  in  undeisianding  the 


Figure  4.1-1.  Line-Scan  Image  Signal  Generation 
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Figure  4.1-1.  Line-Scan  Image  Signal  Generation.  Tele 
vision  systems  using  cameras  in  which  the  image  is 
scanned  by  an  electron  beam  are  representative  of  line 
raster,  or  line-scan  systems:  they  are  also  referred  to  as 
(me-Jiinensiiinal  suinplitif;  systems  (Ref.  1).  A simplified 
sketch  of  a camera  for  such  a system  is  shown  here  to 
illustrate  the  way  in  which  a scene  is  converted  into  an 
electric  signal. 

The  lens  of  the  camera  focuses  the  scene  on  a light- 
sensitive  (photosensitive)  surface  whose  electrical  char- 
acteristics change  in  proportion  to  ;tie  amount  of  light  it 
receives.  A photneoiuluetive  (Ref.  21  sensor  has  been 
chosen  for  the  illustration.  When  a scene  is  focused  on  a 
very  thin  layer  of  photoconductive  material,  the  elec- 
trical ccndiietance  through  the  material  changes  in  pro- 
portion to  the  amount  of  light  striking  it.  In  dark  areas, 
it  remains  a very  poor  conductor;  in  light  areas,  its  con- 
ductance increases  as  the  intensity  of  the  light  striking  it 
increases.  Thus  the  pattern  of  illumination  in  the  scene 
is  changed  to  a similar  pattern  of  conductance  on  the 
sensor.  This  spatial  pattern  of  conductance  is  changed 
into  a temporal  (time-varying)  pattern  of  voltages  by 
systematically  scanning  it  with  a small  s[k>i  generated  by 
an  electron  beam.  The  beam,  generated  by  an  electron 
gun,  is  made  to  follow  a predetermined  scan  pattern, 
called  a raster,  by  having  its  path  from  the  gun  to  the 
sensor  deflected  electrically  or  magnetically  through  the 
action  of  a sweep  circuit.  The  face  of  the  photoconduc- 
tive film  opposite  that  scanned  by  the  spot  is  in  contact 
with  a transparent  conducting  surface  carrying  a small 
positive  voltage. 

When  the  spot  passes  over  a dark  area  on  the  photosensor, 
the  electrons  are  prevented  from  flowing  to  the  positively 


charged  surface  because  cf  the  low  conductivity  of  the 
sensor  in  that  area.  When  the  spe  t passes  over  a light  area, 
the  electrons  can  flow  in  proportion  to  the  amount  of 
light  striking  the  sensor.  This  va'ying  electron  flow  (elec- 
trical current)  is  used  to  create  voltage  differences  by  the 
camera's  electronic  circuits.  These  voltages  constitute 
signals  from  the  sensor. 

In  usual  practice,  the  signal  is  generated  with  the  spot 
scanning  in  horizontal  lines  across  the  image,  creating  a 
raster  of  lines  from  top  to  bottom  of  the  image.  It  is  also 
usual  practice  to  have  the  signal  generated  in  only  one 
direction  of  the  scan.  The  return  of  the  beam  at  the  end 
of  one  scan  line  to  the  start  of  the  next  is  called  the  hor- 
izontal retrace.  When  the  bottom  line  has  been  scanned, 
the  beam  is  returned  to  the  top  of  the  image  again  by 
means  of  a vertical  retrace.  The  nature  of  the  signal  out- 
put is  illustrated  at  the  boitom  of  the  figure,  with  the 
higher  signal  level  associated  with  the  light  area  of  the 
seen  and  the  lower  level  with  the  dark  area.  In  order  to 
prevent  the  retrace  lines  from  appearing  when  the  signal 
is  displayed  on  a cathode  ray  tube  (CRT)  or  printed  on 
film,  the  electron  beam  is  cut  off  during  retrace.  This 
process  is  called  blanking. 

The  sketch  at  the  bottom  of  the  figure  illustrates  the 
voltage  as  it  is  generated  line  by  line  for  the  image 
shown  at  the  top  of  the  illustration. 

The  device  illustrated  here  belongs  to  a family  of  electro- 
optical  imaging  devices  called  vidicons.  Descriptions  of 
other  devices  such  as  the  image  orthicon  can  be  found  in 
Reference  2. 
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Figure  4.1-2.  Line  Scan  Image  Reconstruction  by  Cathode  Ray  Tube 
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Figure  4.1-2.  Image  Reconstruction  by  Cathode  Ray 
Tube.  Signals  such  as  those  geneiated  by  a TV  camera 
can  be  displayed  as  imagery  on  a cathode  ray  tulrc  (CRT). 
CRT's  operate  on  the  principle  that  certain  chemical  ele 
ments  and  compounds,  caiied  plnmpliors,  emit  light  when 
struck  bs  lectrons.  In  the  CRT.  as  in  the  TV  camera,  a 
beam  of  electrons  is  geneiated  by  an  electron  gun.  The 
amount  of  light  emitted  is  proportional  to  the  number 
and  the  energy  of  the  electrons  striking  the  phosphor 
(Ref.  3).  The  number  of  electrons  determines  iha  strength 
of  the  current  that  flows,  and  the  energy  of  the  beam  is 
determirred  by  the  anode  potential,  which  is  the  voltage 
applied  between  the  electron  gun  and  the  screen.  If  a 
constant-energy  beam  of  electrons  is  scanned  across  a 
phosphor  screen,  a pattern  of  light  can  be  formed  by 
varying  the  beam  current. 


A simplified  sketch  of  a CRT  is  given  here  to  nelp  illus- 
trate the  image-forming  process.  The  voltage  signal 
from  tne  camera  is  used  to  control  the  current  in  a beam 
generated  by  the  electron  gun.  The  energy  of  the  beam 
is  established  by  the  anode  polential.  The  beam  is 
focused  to  form  a spot  on  the  phosphor  screen,  and  its 
horizontal  and  vertical  deflections  are  synchronized  with 
those  of  the  camera,  thus  forming  a raster  on  the  face 
of  the  tube  that  is  identical  with  the  one  formed  on  the 
photosensitive  element  in  the  camera.  The  current  varia- 
tions in  the  moving  beam  are  converted  into  a pattern  of 
luminous  intensity  by  the  phosphor,  creating  an  image  of 
the  scene. 
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Figure  4.1-3,  Influence  of  the  Finite  Si2e  of  the  Scan- 
ning Beam.  In  the  system  des-ribed  in  Figure  4.1-1,  the 
continuous  scan  in  the  horizontal  direction  produces  a 
continuously  varying  signal,  representing  the  changes  in 
the  scene  luminance  as  imaged  on  the  photoconductive 
film.  The  same  condition  does  not  apply  to  differences 
in  the  vertical  direction  because  the  spot  is  moved  ver- 
tically in  discrete  steps.  Because  the  vertical  differences 
are  discrete,  the  image  is  said  to  have  been  sampled  in  the 
vertical  dimension.  Thus,  a horizontal  scan  samples  the 
image  in  the  vertical  dimension.  To  illustrate  this  differ- 
ence, the  signals  that  result  from  scanning  horizontal  and 
vertical  stripes  are  shown  here. 

In  considering  the  horizontal  and  vertical  differences,  it 
is  instructive  to  consider  the  effect  of  the  size  of  the 
spot  covered  on  the  image  by  the  scanning  electron 
peam.  If  the  spot  were  infinitely  small  (and  electronic 
circuits  infinitely  responsive),  the  changes  in  signal 
strength  as  the  beam  passed  over  the  image  would  fol- 
low exactly  the  changes  in  the  conductance  in  the  sen- 
sor. Neither  condition  can  be  met  in  a practical  system. 
Parts  (a)  and  (b)  illustrate  the  general  effect  of  the  size  of 
the  spot  on  the  signal  generated  during  a horizontal  scan. 
In  the  case  shown,  in  passing  from  a dark  to  a light  area  an 
increasing  portion  of  each  spot  falls  in  the  light,  or  con- 
ducting, part  of  the  im^ge,  which  allows  an  increasing 
flow  of  electrons;  this,  in  turn,  generate:  signals  of 
increasing  strength.  This  process  continues  for  each  spot 
until  it  is  entirely  within  the  light  area,  at  which  point  the 
signal  level  becomes  constant.  In  each  case  the  signal  is 
continuous  although  it  is  "spread"  somewhat  in  time,  the 
spread  being  greater  for  the  large  spot. 

In  the  case  of  the  signal  for  the  horizontal  scanning  of 
horizontal  stripes,  the  result  is  altogether  different.  Part 


(c)  at  the  top  of  the  following  page  illustrates  the  case 
where  the  spot  is  in  phase  with  the  image.  The  signal 
strength  is  constant  for  the  entire  length  of  any  one  scan 
line  but  is  discontinuous  in  the  vertical  direction  (from 
line  to  line).  The  pattern  of  the  signal  strength  in  the  verti 
cal  direction  is,  however,  the  same  as  the  pattern  of  light 
and  dark  on  the  image, 

Part  (d)  illustrates  the  case  where  the  spot  is  out  of  phase 
with  the  image.  The  scanning  spot  is  equally  divided 
between  the  light  and  dark  areas  of  the  imago,  and  the 
Signal  levels  for  ah  of  the  scan  lines  are  identical.  The  pat- 
tern of  the  image  has  been  lost  completely.  Because  the 
phase  relationships  between  the  scanning  spot  and  the 
objects  in  a natural  scene  cannot  be  controlled,  some  loss 
of  resolution  results,  A commonly  used  figure  is  30  per- 
cent. Thus  the  number  of  lines  for  effectively  calculating 
resolution  is  70  percent  of  the  total.  This  value  is  known 
as  the  Kell  factor  (Ref.  4), 

In  part  (e),  the  spot  size  is  larger  than  the  individual  light 
and  dark  stripes  in  the  image;  as  a result,  part  of  the  spot 
is  in  the  light  area  and  part  in  the  dark  area  for  each  scan 
line,  with  the  proportion  changing  from  line  to  line.  This 
changing  proportion  causes  the  signal  level  for  each  scan 
line  to  be  different  from  the  others,  ond  the  pattern  of 
these  levels  does  not  accurately  represent  the  pattern  of 
illumination  in  the  image. 

The  term  sampling  has  been  applied  to  the  process  that 
occurs  in  generating  the  signal  of  the  horizontal  stripes, 
and  line  raster  systems  are  described  as  one-dimensional 
sampling  systems  because  the  signal  is  a continuous 
representation  of  the  scene  in  the  horizontal  dimension 
and  a sampled  representation  in  the  vertical  dimension 
(Ref.  5). 
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Figure  4.1-4.  Two-Dimensional  Sampling 
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Figure  4.1-4.  Two-Dimensional  Sampling  (continued) 


Figure  4.1-4.  Two-Dimensional  Sampling.  Digital  trans- 
mission, processing,  storage,  and  display  systems  require 
that  images  be  broken  down  into  some  number  of  dis- 
crete subsections.  The  usual  practice  is  to  divide  the 
image  into  a matrix  of  subsections  equally  spaced  in  both 
the  horizontal  and  vertical  dimensions.  These  subsections 
are  commonly  called  picture  elements  or  pixels.  The  pixel 
size  determines  the  smallest  area  in  the  scene  that  can 
produce  an  independent  signal,  and  therefore  the  smallest 
area  that  can  be  resolved.  Each  element  is  given  a lumi- 
nance value,  which  is  an  area  v/eighted  average  of  the 
values  in  the  portion  of  the  image  it  covers.  This  means 
that  the  image  luminance  is  sampled  in  both  the  horizon- 
tal and  vertical  directions. 

Some  electro-optical  sensors  operate  as  sampling  systems 
in  both  the  horizontal  and  vertical  dimensions.  These  are 
known  as  two-dimcmiutml  sampling  or  point  raster  sys- 
tems (Ref.  6).  Part  (a)  of  this  figure  illustrates  a sensor 
miade  of  a two  dimensional  array  of  indivdual  photosensi- 
tive elements,  each  element  providing  a discrete  signal 
proportional  to  the  light  falling  on  it,  A signal  may  be 
produced  by  a scanning  electron  beam  crossing  the  ele- 


ment or,  in  solid  state  systems,  by  direct  readout  through 
perm.anent  electrical  connections  that  are  switched  on  and 
off  in  the  proper  sequence.  This  latter  process  is  known  as 
set;  scanning.  The  illustration  shows  a signal  pattern  for  a 
single  horizontal  line  of  such  elements.  When  the  elements 
are  scanned,  or  switched  on,  thc'5  receiving  li.ght  produce 
a signal  proportional  to  the  amount  of  the  light  received, 
and  those  not  receiving  light  produce  no  signal. 

The  lower  part  of  the  figure  (b)  portrays  the  sig  :al 
developed  for  each  element,  or  pixel,  of  the  sensor  in 
the  top  of  the  illustration. 

The  figure  at  the  top  of  this  page  (c)  illustrates  how  a 
continuous  signal,  such  as  that  produced  by  the  raster 
scan  system  of  Figure  4.1-1,  can  be  conver'ed  into  a 
series  of  discrete  signals  by  sampling  the  signal  level  a* 
fixed  intervals.  Since  the  raster  scan  systen.  already 
samples  in  the  vertical  direction,  the  result  of  sampling 
in  the  horizontal  direction  will  be  to  produce  a point 
raster  or  two-dimensionally  sampled  signal  suitable  for 
use  in  digital  systems. 
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Figure  4.1-5.  Quantisation 


Figure  4.1-5.  Quantization.  If  the  signal  st.ength  from 
the  sensor  is  conimuously  variable  and  can  assume  anv 
value  -/viihin  it>  oneiatmg  range,  it  is  called  an  unjiof;  slg 
nal  For  use  in  digital  systi.-ms,  the  range  of  signal  strength 
must  be  broken  into  discrete,  single  valued  steps.  This 
process  IS  knoan  as  quantization.  The  ni  ntrer  of  steps  is 
commonly  some  power  of  2 (such  as  2^,  that  is,  256)  so 
as  to  be  compatible  with  hmarv  oata  l.ancling  systems 
Ttie  2®  level  of  quantizing  is  referred  to  a-.  8/r//  gurnitiz- 
ing  To  simplify  the  preserdation  here,  a fou>  ste[)  st;ale 
(2'^,  or  2 bit)  with  values  of  0.  1,  2,  an'!  3 hus  been  us'jd. 

The  solid  line  in  the  top  graph  is  a si  '.  • 'led  representa- 
tion of  the  signal  frorr  a one  d'mensic.ial  sampling  sys- 
tem. The  bars  repres.\'it  the  signal  for  the  same  line  from 
a two  dimensional  system.  The  strength  of  both  has  the 
property  of  being  ' ontinuously  variable,  and  they  there- 
fore represent  an  analog  system. 

The  scale  to  the  right  of  the  middle  graph  indicates  tiow 
the  signal  strer.gth  values  will  be  partitioned  into  the  four 
quantizing  levels.  Zero  through  2.99^  are  assigned  a 
quantized  value  of  0;  3 through  5.99^  a value  of  1 ; 6 
thr.^ugh  8.99'*^  a value  of  2;  and  9 through  12  a value  of  3. 
The  dashed  line  in  the  renter  graph  shows  the  result  of 
applying  this  conversion  to  the  original  signal.  The 
shaded  area  indicates  the  difference  between  the  quan- 
tized and  original  signal  strengths.  This  difference  is 
called  the  irr.v  and  has  a maximum  value  of 

V'2  a quantizing  step.  As  tha  number  of  steps  is  increased, 
producing  smaller  and  smaller  inteivals,  the  amount  of  the 
enor  becomes  less  and  less,  being  reduced  by  half  for  each 
bit  added  to  the  quantizing  levels  (Ref.  7). 

The  shaded  area  in  the  bottom  graph  shows  tlie  envelope 
within  which  a signal  from  an  analog  system  could  fall  to 
produce  the  quantized  signal  shown  m the  middle  graph. 
The  range  from  the  top  or  bottom  of  a shaded  area  to  its 
middle  represents  the  .arige  of  possible  errors  in  the  quan- 
tized signal.  There  are  schemes  for  minimizing  these  errors 
whose  full  description  is  outside  the  scope  of  this  book. 
Reference  8 cites  examples  of  work  which  has  be'  , done 
on  this  subject,  and  it  is  discussed  further  in  Figure  4.4-13. 
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Figure  4.1-6.  Spatial  Frequency  and  TV  Lines.  For  a 
periodic  target;  i.e.,  one  which  is  divided  into  regularly 
spaced  light  and  dark  areas,  an  adjacent  pair  of  bars  (one 
light  and  one  dark)  taken  together  constitute  a cycle.  The 
number  of  such  cycles  over  a specified  distance  deter- 
mines the  target's  spatial  frequency.  Spatial  frequency  is 
usually  specified  in  cycles  per  millimeter  (c/mm)  or  cycles 
per  inch  (c/in);  an  equivalent  nomenclature  that  is  fre- 
quently used  is  li  .e  pair:  per  millimeter  (I/mm)  or  line 
pairs  per  inch  (I/in).  It  is  common,  however,  even  in  tech- 
nical articles,  to  shorten  this  latter  terminology  to  lines 
per  millimeter  or  lines  per  inch. 

In  television  terminology,  a I'ne  refers  either  to  art  actual 
scan  line,  as  suggested  by  the  top  two  illustrations  in  this 
figure,  or  to  the  time  period  allocated  for  a scan  line.  By 
this  last  definition,  commercial  broadcast  T V in  the  U S. 
is  a 52&line  system.  This  means  that  the  time  taken  to 
complete  one  scan  of  the  image  is  equal  to  525  individual 
line-scan  periods.  However,  fewer  than  525  actual  scans 
are  possible  because  appro,. imately  35  of  the  periods  are 
used  for  the  vertical  retrace.  The  actual  number  used  for 
vertical  retrace  varies  from  35  to  42,  depending  upon  the 
design  of  the  transmitter.  Thus  the  number  of  actual,  or 
ac  tive  r\'  lilie  s,  is  between  483  and  490,  with  490  being 
the  most  common  figure.  Applying  a Kell  factor  of  0.7  to 
this  figure  gives  the  equivalent  of  343  active  lines  for  use 
in  considering  resolution  capabilities.  In  this  book,  the 
term  "TV  lines"  will  be  used  to  refer  to  the  number  of 
scan  periods  per  complete  image  scan  and  the  phrase 
"active  TV  lines"  will  be  used  to  refer  to  the  actual  num- 
ber of  scans  across  the  vertical  dimension  of  the  tube. 

Since  an  active  TV  line  can  represent,  at  most,  one-half  of 
a cycle  of  a periodic  jrget  (a  light  or  a dark  bar),  at  least 
two  are  required  to  represent  one  cycle  of  a periodic  tar- 
get, It  is  important  to  keep  this  ratio  of  2 active  TV  lines 
per  cycle  of  spatial  frequency  in  mind  when  dealing  with 
line-scan  systems. 

With  less  than  two  active  lines  per  cycle,  the  effect  shown 
■n  part  (e)  of  Figure  4,1-3  results.  The  spatial  frequency 
displayed  on  the  CRT  may  vary  as  shown  in  part  (b)  of 
this  figure,  but  for  a given  TV  system  the  number  of 
active  TV  lines  will  be  constant. 

Part  (c)  of  this  figure  illustrates  the  relationship  between 
th?  vertical  and  horizontal  dimensions  used  in  specifying 
horizontal  resolution  for  television  systems.  Standard 
practice  is  to  speak  of  horizontal  resolution  in  active  TV 
lines  as  thougli  the  raster  were  rotated  90  degrees  and  the 
resolut.o  expressed  as  equivalent  TV  lines  measured 
over  a distance  equal  to  ihe  vertical  dimension  of  the  tube 
(Ref.  9). 

The  relationship  between  the  horizontal  and  vertical 
dimensions  of  the  picture  area  is  called  the(/,sv)i't7  ratin: 
for  CRT's  used  to  display  pictorial  information,  it  is 
commonly  4:3,  as  shown  in  the  sketch.  Fo-  such  a display 
a resolution  of  343  active  TV  lines  would  mean  that 
343/2,  nr  171  cycles,  could  be  displayed  a distance  equal 
to  three-fourths  of  the  horizontal  dimension  of  the  pic- 
ture area,  or  approximately  457  lines  (229  cycles)  across 
the  entire  horizontal  dimension. 
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Figure  4.1-7.  Modulation  Response  and  Bandwidth 
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Figure  4.1-7.  Modulation  Response  and  Bandwidth.  Elec- 
tronic circuits  do  not  respond  equally  well  to  all  frequen- 
cies. In  general  the  amplitudes  of  liigher  frequencies  are 
attenuated  as  they  are  processed  by  the  circuit.  The  four 
pairs  of  curves  at  the  top  of  the  figure  illustrate  this 
phenomenon.  The  left-hand  curve  of  each  pair  repre- 
sents a signal  that  is  being  fed  into  the  circuit,  and  ihe 
right-hand  curve  represents  the  output  of  the  circuit.  For 
the  top  pair,  the  input  and  output  modulations'  axe  equal, 
and  for  this  frequency  the  modulation  transfer  factor 
is  said  to  be  one,  and  is  defined  as: 

Modulation  output  modulation 

Transfer  - 

Pgetor  input  modulation  (Ref.  10) 

It  the  MTF  is  measured,  or  calculated,  for  a number  of 
points,  a curve  describing  the  system's  frequency  response 
characteristics  can  be  drawn,  as  illustrated  in  the  bottom 
graph.  Such  a curve  is  called  the  modulation  transfer 
function  (MTF)  of  the  system. 

The  attenuation  is  also  frequently  specified  as  decibels 
below  some  reference  level.  Attenuation  is  specified  in 
decibels  (dB)  (see  Section  6.6.2)  using  the  definition: 


„ . modulation  of  output  signal 

dB  = -20  log  : : ; — 

modulation  of  input  signal 

= -20  log  (modulation  transfer  factor) 

This  gives  a value,  for  instance,  of  20  dB  for  a moduL 
tion  transfer  factor  of  0.1. 

For  the  second,  third,  and  fourth  curves  at  the  top  of  the 
figure,  modulation  transfer  factor  is  0.80,  0.50,  and  0.2, 
and  they  are  attenuated  by  1.9,6,  and  14db  respectively. 

At  some  point  the  attenuation  of  the  output  signal  becomes 
so  great  that  even  for  very  strong  input  signals  the  output 
cannot  be  effectively  used.  The  point  at  which  this  happen! 
depends  upon  the  circuit  design  and  the  -ntended  use  of  the 
output.  When  a minimum  acceptable  value  is  chosen,  it 
sets  the  bandwidth  of  the  system;  i.e.,  the  band  of  fre- 
quencies over  which  its  performance  is  within  acceptable 
levels  (Ref.  11).  In  some  systems,  circuits  are  included 
which  ensure  that  signals  above  a specified  frequency  will 
be  strongly  attenuated,  thus  establishing  the  bandwidth. 

For  instance,  for  standard  U.S.  broadcast  television,  the 
video,  or  picture-carrying  portion  of  the  signal,  is  limited 
to  slightly  less  than  5 MHz. 
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(d)  FULL  FRAME  OF  2:1  INTERLACEO  RASTER 
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arrangement  OF  active  (Q)  and  inactive  (□)  PICTURE 


DOTS  IN  HORIZONTAL  INTERLACING.  EACH  POINT  IN  THE 
SCANNING  PATTERN  BECOMES  ACTIVE  ONCE  IN  FOUR 
FIELDS  (Ref.  3). 


Figure  4.1-8.  interface  Techniques 
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Figure  4.1-8.  Interlace  Techniques.  In  order  to  conserve 
bandwidth  while  meeting  the  requirement  to  eliminate 
visual  flicker  (see  Section  4.21,  the  National  Television 
System  Committee  (NTSC)  adopted  a 60-Hz.  2:1  interlace 
system  (Ref.  12). 

The  top  illustration  (a)  represents  the  noninterlaced  condi- 
tion. The  raster  forms  the  entire  frame  in  a single  series 
of  horizontal  scans.  The  middle  two  illustrations  (b)  and 
(c)  represent  the  way  the  image  is  divided  into  fields  by 
the  interlace  process.  The  lower  drawing  (d)  shows  how 
the  fields  combine  to  form  a frame.  Each  field  is  com- 
pleted in  one-sixtieth  of  a second,  and  both  fields  (the 
full  frame)  are  completed  in  twice  that  time,  or  one- 
thirtieth  of  a second. 

The  importance  of  such  an  intei  lacing  technique  is  the 
effect  it  has  on  bandwidth  requirements;  the  following 
calculations  illustrate  this  point.  Standard  NTSC  broad- 
cast television  has  the  time  for  each  frame  divided  into 
525  equal  periods.  Even  though  all  525  are  not  used  to 
generate  active  TV  lines,  each  active  line  that  is  generated 
must  be  completed  within  one  of  the  525  periods.  With- 
out interlace,  the  total  number  of  time  periods  per  second 
will  be  the  number  of  periods  per  frame  times  the  num- 
ber of  frames  per  second,  or  525  x 60  = 31,500.  Each 
line  then  must  be  completed  in  “ 31.7  ;isec. 

Of  this  time,  approximately  17  percent  is  used  for  hori- 
zontal retrace,  which  leaves  83  percent  of  the  31.7  micro- 
seconds, or  26.3  microseconds  for  the  scan  itself.  A reso- 
lution of  177  cycles  across  three-fourths  of  the  length  of 
the  line  (approximately  the  resolution  of  the  NTSC  sys- 
tem) requires  that  177  x 4/3  or  236  cycles  be  resolved  per 
line.  Since  each  line  is  completed  in  26.3  microseconds, 
the  time  per  cycle  is  26.3/236  or  0.1 1 microsecond 
(Ref.  2). 


To  find  the  frequency  required  to  transmit  a cycle  every 
0,1 1 microsecond,  this  value  is  divided  into  one  or. 


Frequency  = ojYMsec 


In  scientific  notation  this  is 

Frequency  = { , xSo  ^'sec^^  °''' 

approximately  9 MHz, 


If  a 2:1  interlace  is  used,  the  time  per  frame  drops  to  one- 
thirtieth  of  a second,  ana  the  cclcutations  become 

For  the  number  of  periods  per  second, 

525  x 30=15,750, 

for  the  time  per  period, 

1/15,750  = 63.5nsec, 

for  the  time  per  scan, 

63.5  X .83  = 52J  nsec. 


for  each  cycle  displayed, 

52.7/236  - 0.2?  .sec,  and 
for  the  bandwidth  required, 

» 4.5  MHz 

0.22  (j  sec 


In  experiments  where  :ubjective  quality  ratings  were  giver 
to  low-resolution  (225-  fV-line)  systems,  it  was  found  tha 
for  pictures  judged  to  be  of  equal  quality,  only  6 to  37 
percent  actual  savings  in  bandwidth  were  realized  by  2:1 
interlace  (Figure  4.3-19  and  Ref.  13). 


For  special  applications,  systems  that  have  both  vertical 
and  horizontal  interlace  have  been  devised  (Pert  (e)  of 
this  figure).  They  constitute  two-dimensional  sampling 
systems.  In  these  systems,  a field  consists  of  a combina- 
tion of  one  vertical  and  one  horizontal  sequence,  and 
four  such  frames  are  required  to  complete  a picture 
(Ref.  14).  High-order  combined  vertical  and  hoiizontal 
interlace  systems  have  been  explored  to  improve  picture 
quality  at  the  cost  of  frame  rate  for  a given  bandwidth 
(Rei.  15,  and  Figure  4.2-8). 
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Figure  4.1-9.  Spot  Size.  The  size  of  the  spot  created  by 
an  electron  beam  is  defined  in  terms  of  a proportion  of 
the  maximum  current  level  of  the  beam.  The  current  is 
strongest  in  the  center  and  decreases  away  from  the  cen- 
ter following  aCaussian  curve,  as  is  shown  at  the  top  of 
this  figure  (Ref.  16).  One  characteristic  of  such  a distribu- 
tion is  that  it  never  becomes  zero.  This  in  turn  implies 
that  the  spot  has  no  definite  boundary  or  edge.  For  this 
reason,  the  size  of  the  spot  is  said  to  be  its  diameter  at  an 
arbitrarily  chosen  proportion  of  the  maximum  current 
value.  Two  commonly  used  values  are  50  percent  of  the 
maximum  and  63  percent  of  the  maximum.  Several  value; 
are  shown  in  the  top  curve  and  are  projected  down  onto 
an  isometric  representation  of  the  current  distribution  to 
assist  in  visualizing  this  method  of  determining  spot  size. 

Using  a previously  chosen  level,  physical  spot  sizes  are 
measured  in  millimeters  or  inches  and  are  frequently  con- 
verted into  staiulanl  devintion  (o)  units  of  the  Gaussian 
distribution.  Due  to  the  nature  o'  the  Gaussian  distribu- 
tion, this  conversion  facilitates  comparison  between  spot? 
of  different  size  because  although  the  50-percent  level 
may  have  a diameter  of  0.5  mm  (0.014  in)  for  one  spot 
and  0.?  mm  (0.008  in)  for  another,  it  will  be  at  1.1770 
for  both. 


Some  values  of  a and  the  corresponding  proportion  of 
the  maximum  current  for  each  are  given  in  the  table.  Fur 
ther  values  can  be  calculated  by  the  formula: 


V = 


- X / 2 0 


where  y = the  value  proportion  of  the 
maximum  current  and 


X = the  distance  from  the 
center  of  the  curve 

These  values  can  be  found  in  tables  of  the  normal  distri- 
bution curve  (Ref.  17).  If  such  tables  are  used,  care 
should  be  taken  because  the  maximum  value  of  the 
or.dinate  is  usually  0,39834  in  order  to  keep  the  area 
under  the  curve  equal  to  1 for  statistic.il  purposes; 
because  of  this,  the  published  ordinate  values  must  be 
divided  by  this  number  to  derive  v as  a proportion  of  th« 
maximum  value. 


Optically  formed  spots  used  in  optical  line-scan  printers 
the  type  illustrated  in  Figure  4.1-16  may  or  may  not  hav 
Gaussian  intensity  distributions  (see  Figure  4.1-10  and 
Ref.  18,B). 
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k‘  J kx  , ky 

(x,v)  = “ S'OC  sinc^l“) 

Where;  k ~ a constant  ar^d 
a - sample  spacing 

SING  SQUARED  POINT  SPREAU  FUNCTlO^ 


^Or(x,  y)^-'  < 180° 

h (x,  yj  cos  (x^  + 
For  (x,  > 180°, 


h (x,  v)  = 0 

COS:^'E  POINT-SPREAD  FUNCTION 


Figure  MO.  Spot  Shape  (continued) 


Figure  4.1-10.  Spot  Shape.  The  term  "spot  shap  has 
two  different,  tiut  related,  meanings.  One  refers  .o  geo- 
metric shape;  for  instance,  circular,  elliptical,  or  square; 
the  second  refers  to  the  distribution  of  curren’  or  light 
within  the  spot.  This  latter  is  more  properly  referred  to  as 
the  point  spread  function.  The  spot  shown  in  the  preced- 
ing figure  (4.1-9)  could  be  referred  to  either  as  circular  or 
Gaussian.  More  properly  it  should  be  referred  to  as  a cir- 
cular spot  having  a Gaussian  intensity  distribution  or 
Gaussian  point  spread  function.  However,  this  distinction 
is  not  universally  made,  and  "spot  shape"  is  used  to  refer 
to  both  characteristics. 

For  commercially  available  TV  cameras  and  CRT's,  the 
beam  is  considered  to  be  circular  in  cross-section  when  it 
is  projected  on-axis;  it  therefc.e  makes  a circular  spot 
when  it  lands  vertically.  When  the  beam  is  deflected,  its 
shape  may  be  changed  by  aberrations  introduced  in  bend- 
ing (Ref.  19);  however,  even  if  the  beam  remains  circular, 
it  will  make  an  elliptical  spot  if  it  does  not  strike  the  sur- 
face at  a 90-degree  angle.  For  a given  beam,  an  elliptical 
spot  will  have  a larger  area  than  a circular  one,  and  the 
resolution  which  can  be  obtained  will  be  reduced.  Cam- 
eras. therefore,  are  designed  so  that  only  low-deflection 
angles  are  required.  In  addition,  in  TV  cameras  and  CRT's, 
a beam  that  lands  at  a high  energy  will  cause  secondary 
electrons  to  be  emitted;  this  interferes  with  the  beam  and 
reduces  the  output  signal.  Cameras  contain  a device 
known  as  a decelerating  grid,  which  slows  the  electrons  in 
the  beam.  This  reduces  the  emission  of  secondary  elec- 
trons because  the  slower  arrival  of  electrons  in  the  beam 
knocks  fewer  electrons  from  the  surface  upon  which  they 
land. 

In  CRT's,  a very  thin  coating  of  aluminum  is  placed  over 
the  phosphor  to  conduct  away  the  secondary  electrons. 
This  is  done  because  in  CRT's  the  beam  cannot  be  slowed 
since  the  amount  of  light  created  by  the  phosphor  is,  in 
part,  dependent  upon  the  speed  at  which  the  electrons 
strike  it.  In  addition,  in  order  to  make  CRT's  with  large 
viewing  areas,  while  at  the  same  time  making  them  shorter 


to  fit  into  cabinets,  very  large  deflection  angles  are 
employed.  Tj  make  the  beam  land  vertically  on  the  face 
of  such  a tube  would  require  that  the  surface  be  spherical 
in  shape  with  the  radius  of  curvature  centered  at  the  point 
of  deflection. 

For  modern,  high-deflection-angle  CRT's,  the  radius  of 
curvature  required  would  greatly  decrease  the  angle  of 
view  toward  the  edges  of  the  picture  area,  resulting  in 
considerable  distortion.  If  the  tube  face  is  not  spherical, 
the  deflected  beam  will  hit  at  an  oblique  angle,  making  the 
spot  elliptical.  The  lack  of  sphericity  will  also  cause  the 
beam  to  be  out  of  focus  over  some  areas  of  the  tube  face. 
As  part  (c)  shows,  the  problem,  becomes  more  critical 
with  increasing  deflection  angles  (Ref.  20). 

In  practical  designs,  it  is  necessary  to  compromise  between 
good  visual  angle  and  good  focus  and  landing  angle.  In 
standard  practice,  the  tube  is  designed  to  have  the  beam 
vertical  to  the  tube  face  and  in  focus  at  the  center  of  the 
picture  to  allow  the  spot  to  be  slightly  elliptical  and  out 
p'  focus  at  the  edges.  The  aberrations  induced  by  bending 
, 'e  beam  are  tolerated  in  order  to  shorten  the  tube.  The 
focusing  change  can  be  at  least  partially  corrected  with 
dynamic  focusing  systems.  These,  however,  require  spe- 
cial design. 

Point  spread  functions  other  than  Gaussian  are  found  in 
very  high  resolution  CRT's;  for  beams  generated  by 
apertures  of  25  micrometers  (1  microinch)  or  less,  the 
current  distribution  in  the  beam  cross-section  approaches 
a cosine  shape  (Ref.  21 ).  At  high  beant  currents  in  conven- 
tional electron  gun  systems  the  beam  tends  to  become 
distorted  from  the  Gaussian  shape  by  a spreading  of  the 
peak  (Ref.  22).  In  optical  systems,  a wide  variety  of 
intensity  distributions  are  possible  (Ref.  18,B).  Two  such 
possible  distributions  are  shown  in  this  figure.  The  effect 
of  spot  spread  functions  on  judgments  of  the  information 
potential  in  transparencies  is  reported  in  Figures  4.3-56 
and  4.3-57. 
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Figure  4.1-11.  Color  Television  Signal  Generation.  Color 
television  systems  that  must  produce  pictures  on  black- 
and  white  receivers  or  monitors  as  well  as  on  color  moni- 
tors use  a system  adopted  by  the  NTSC  that  employs  two 
different  signals.  One.  called  the  luminance  signal,  con- 
tains the  information  on  the  variations  in  scene  brightness 
and  is  identical  to  the  signal  generated  by  a black  and- 
white  TV  camera.  The  other,  called  the  chrominance  sig 
nal,  carries  the  color  information  in  such  a way  as  to  not 
interf'rre  with  the  reproduction  of  the  scene  on  a black- 
and  white  monitor.  (Kef.  23). 

There  are  two  basic  camera  systems  for  producing  color 
TV.  They  are  the  three  tube  camera  system  shown  at  the 
top  of  this  figure  and  the  four -tube  camera  system  shown 
at  the  bottom.  They  differ  principally  in  the  way  the  lum- 
inance signal  is  generated.  As  shown  by  the  diagrams,  the 
luminance  signal  is  generated  directly  by  one  of  the  cam- 
eras in  the  four-tube  camera  system  and  by  a weighted 
combination  of  the  color  signals  in  tfie  tnree-tube  camera 
system.  The  weighting  is  necessary  to  match  the  signal 
strength  from  each  camera  to  the  luminous  efficiency 
curve  of  the  visual  system  (see  Figure  3 2-2).  Otherwise 
the  scene  brightnesses  reproduced  on  the  black-and-white 
monitors  would  be  distorted.  The  luminance  signal  in  the 
four-camera  system,  although  generated  independently 
from  the  color  signals,  holds  the  same  relationship  to 
them  as  the  luminance  signal  in  the  three-camera  system. 

Both  three-  and  four-tube  cameras  generate  three  color 
signals,  one  for  each  of  the  primary  colors,  red,  green,  and 
blue.  This  is  accomplished  by  having  the  incoming  light 
split  into  the  three  color  components  by  use  of  dichroic 
mirrors  or  filters.  As  shown  in  the  sketches,  the  ligh*  of 
each  color  is  focused  on  a separate  camera  tube.  The 
colored  scene  imaged  on  each  of  the  photodetectors  is 


synchronously  scanned,  producing  three  separate  signals 
of  the  scene-one  for  each  color. 

The  chrominance  signal  has  two  components  which  are 
developed,  in  effect,  by  subtracting  the  luminance  signal 
from  the  red  and  blue  color  signals  rtspectively.  Because 
the  luminance  signal  can  be  expressec  as  a combination  of 
known  proportions  of  the  three  color  '.ignals,  it,  in  com- 
bination with  o.nly  two  of  the  colar  sigticis,  can  be 
processed  by  the  coloi  monitor  to  reproduce  the  three 
primaries. 

With  legard  to  the  two  different  camera  systems,  the  four- 
camera  sys;erri  tends  to  produce  higher  resolution  in  the 
luminance  signal;  if  an  is  used  for  the 

luminance  channel,  it  also  produces  better  low  light-level 
sensitivity.  It  has  the  disadvantage  that  part  of  the  incom- 
ing light  must  lae  used  for  the  luminance  camera,  reducing 
that  available  for  the  color  cameras  (Ref.  24). 

Both  systems  preser't  problems  in  balancing  the  lurhinous 
response  functions  and  maintaining  image  registration 
among  the  individual  cameras. 

In  installations  where  the  color  signals  are  to  be  used  on 
color  monitors  only,  there  is  no  need  for  developing  inde- 
pendent luminance  and  chrominance  signals  since  the 
color  signa's  can  be  used  directly.  The  problems  of  balanc- 
ing the  luminous  response  of  the  camera  tubes  and  the 
registration  of  the  images  remain,  however. 

For  use  in  image  interpretation,  the  color  signals  may  not 
be  generated  from  a natural  scene  or  color  film,  but  rather 
may  be  generated  from  black-and-white  imagery  as  part  of 
an  image  manipulation  process.  In  such  cases  the  genera- 
tion of  the  color  signals  is  carried  on  in  a processor 
designed  for  that  purpose,  whlcn  may  have  extensive  com- 
putation capability  either  internal  or  external  to  itself. 
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4.1-  i2.  Color  Image  Regeneration  by  Cathode  Ray  Tubes. 
Co'or'jd  images  are  produced  on  CRT's  by  having  the  face 
of  the  tube  covered  with  tiny  dots  or  stripes  of  three  dif- 
ferent kinds  of  phosphors  that  emit  either  red.  blue,  or 
green  light  when  struck  by  an  electron  beam.  Each  sepa- 
rate color  of  phosphor  is  scanned  by  an  electron  gun 
whose  current  is  modulated  by  the  appropriate  color  sig- 
nal from  the  camera  or  other  input  device.  In  the  case  of 
signals  from  NTSC  systems,  the  incoming  signal  is 
processed  and  the  luminance  and  chrominance  signals  it 
contains  arc  used  to  recreate  the  red,  blue,  and  green 
signals  generated  by  the  color  camera. 

One  common  type  of  CRT,  the  slw'low  mask  t lire,  is  illus- 
trated in  part  (a)  of  this  figure  In  this  tube  the  three 
colored  phosphors  are  placed  in  groups  of  three  called 
triads.  The  three  phosphors  in  each  triad  are  energized 
simultaneously  by  the  three  electron  beams  representing 
each  of  tfie  primary  color  signals.  The  relative  intensities 
of  the  light  emitted  by  each  pfiosphor  is  proportional  to 
the  relative  inte.  sity  of  that  color  in  the  original  scene 
The  phosphor  dots  are  so  small  that  they  are  separately 
indistinguishable  from  normal  viewing  distances.  The 
result  is  that  the  light  from  the  three  phosp/tor  dots 
is  integrated  into  a single  visu  sensation  having  a color 
resembling  that  of  the  same  point  in  the  original  scene. 

A perforated  metal  plate  called  a shadow  or  aperture 
mask  is  located  close  to  the  faceplate,  between  the  dec- 

i 


tron  guns  and  the  phosphors.  The  plate  has  one  hole  for 
each  phosphor  triad,  and  the  beams  from  the  three  guns 
must  converge  on  a hole  and  pass  through  it  to  activate 
the  phosphors.  The  mask  ensures  that  a beam  will  strike 
the  pnosphor  dot  of  the  correct  color.  It  also  interrupts 
the  beams  as  they  scan  the  face  of  the  tube  so  that  no 
incorrect  phosphors  will  be  illuminated  as  they  pass  from 
triad  to  triad  (Ref.  25), 

The  areas  between  the  phosphor  dots  are  coated  with 
black  material  to  reduce  the  reflection  of  ambient  and 
internally  scattered  light.  This  results  in  some  increase-  m 
the  contrast-rendering  capabilities  of  the  tube  (Ret.  '26). 

The  combination  of  the  shadow  mask  and  black  surround 
allows  the  use  of  somewhat  largci  beam  diameters;  both 
elements  te.nd  to  cut  off  the  edges  of  the  beam,  allowing 
only  the  central,  higher  intensity  portion  of  the  beam  to 
strike  the  phosphor  surface  (Ref.  26). 

Two  other  types  of  aperture  masks  are  shown  in  part  (b), 
the  grill  and  the  slotted  aperture  mask.  For  both,  the 
phosphor  is  applied  to  the  face  of  the  tube  in  continuous 
vertical  stripes  whose  width  depends  upon  the  light  pro- 
ducing efficiency  of  the  phosphor. 

Part  (c)  illustrates  the  loss  of  color  purity  which  will 
result  in  dynamic  amvergence  correction  circuits  are 
not  employed  in  color  CRT's. 
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SEQUENTIAL  COLOR  SYSTEM,  CONSTITUTING 
A "COLOR  PICTURE" 
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Figure  4.1-13.  Sequential  Color  TV  Systems  (continued) 


Figure  4.1-13.  Sequential  Color  TV  Systems.  Methods 
other  than  the  NTSC  system  for  producing  color  TV  are 
used  in  sor  le  special  applications.  The  most  common  of 
these  are  the  sequential  systems  in  which  the  colors  are 
interlaced  hy  a field  or  a dot  at  a time.  The  signals  are  dis- 
played on  a black-and-white  CRT  monitor  that  is 
mounted  behind  a wheel  containing  the  three  color  filters. 
The  rotation  of  the  filters  is  synchronized  with  the  pre- 
sentation of  the  image  or,  the  CRT  so  that  when  the  red 
signal  is  being  presented,  the  red  filter  wheel  is  between 
the  viewer  and  the  CRT.  The  blue  and  green  filters  are 
imposed  'jetween  the  viewer  end  the  CRT  when  these  sig- 
nals are  being  presented  (Figure  4.1 -13a). 

The  sequence  of  presentation  of  the  signals  in  the  field 
sequential  system  is  illustrated  in  Figure  4.1-13b.  In  this 
system,  the  red  image  is  transmitted  in  the  first  scainiiiir_ 
field,  the  blue  in  the  second  scanning  field,  and  the  green 
in  the  third  scanning  field.  This  process  is  repeated  for  the 
fourth,  fifth,  and  sixth  scanning  fields.  Examination  of  the 
diagram  will  show  that  in  order  to  get  all  three  primaries 
to  the  lines  it,  two  interlacing  line  sequencer  (lines  1,  3,  5 
...  in  the  sequence  on  the  left  and  lines  2,  4,  6 ...  in  the 
sequence  on  the  right),  six  frame  periods  are  required. 


The  odd-numbered  lines,  for  instance,  receive  the  signal 
of  red  in  field  1,  g^een  in  field  3,  and  blue  in  field  5,  The 
even-numbered  lif’es  receive  the  blue  signal  in  field  2,  the 
red  in  field  4,  and  the  green  in  field  6. 

The  use  of  the  terms  "field,”  "frame,"  and  "picture"  are 
different  in  field  sequential  systems  than  in  the  NTSC  sys 
terns.  The  application  of  one  color  to  one  of  the  two 
interlaced  line  sequences  is  termed  a scanning  field;  the 
completion  of  one  cycle  through  the  three  primaries  is 
called  a color  frame  and  consists  of  three  scanning  fields. 
Two  color  frames  (six  scanning  fields)  constitute  a color 
picture. 

In  such  a system,  the  sc, inning  field  frequency  must  be 
very  high  to  avoid  both  flicker  and  image  smear  for  mov- 
ing objects.  The  smear  would  occur  if  an  object  moved 
a perceptable  distance  between  scanning  fra,Ties  1 and  6; 
the  red  signal  for  a point  on  line  1 vould  not  match  in 
space  the  green  for  the  adjacent  point  in  line  6.  Experi- 
ments have  shown  a scanning  field  rate  of  144  per  second 
is  required  to  prevent  fiicker.  This  higher  frame  rate 
requires  that  either  the  bandwidth  be  increased  or  that 
the  number  of  scan  lines  and  horizontal  resolution  be 
decreased  (Ref.  27). 
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Figure  4.1-14.  Phosphor  Characteristics 
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Figure  4.1-14.  Phosphor  Characteristics.  The  word 
"phosphor"  is  oenerally  used  in  CRT  terminology  to 
designate  a sul.stance  that  emits  light  when  bombarded 
by  electrons  (Ref.  28).  The  correct  term  for  this  pro- 
perty is  calluulolfmiiicscL’ncc,  which  is  universally 
shortened  to  "luminescence"  in  CRT  literature. 

Cathodoiuminescence  occurs  in  two  phases  called )luo- 
rcscciwc  and  phospluircsccnce.  Fluorescence  occurs  only 
while  the  electrons  are  energizirw  the  phosphor  and  ends 
in  about  0,01  microsecond  ( 10'“  seconds)  after  the  end 
of  the  electron  bombardment.  Phosphorescence,  on  the 
other  hand,  may  last  for  various  periods  from  several 
nanoseconds  (10'^  seconds)  to  many  minutes  or  hours. 

Figure  4.1-14(a)  shows  the  general  nature  of  the  growth 
and  decay  of  light  intensity  when  a cathodoluminescent 
phosphor  is  bombarded  by  electrons.  The  initial  growth  is 
due  to  fluorescence  alone  and  takes  place  in  about  10  ® 
seconds  after  excitation  starts.  If  the  excitation  remains 
constant  for  some  period  after  this,  the  level  of  intensity 
is  a combination  of  the  fluorescence  and  luminescence. 
After  cessation  of  the  excitation,  the  fluorescence  decays 
again  in  approximately  10'®  seconds,  and  the  phosphores- 
cence begins  a decay  cycle  that  falls  very  rapidly  at  first, 
then  more  slowly  as  time  progresses.  The  shape  of  the 
decay  curve  differs  from  one  type  of  phosphor  to  another 
and,  in  some  phosphors  at  least,  it  depends  upon  the 
intensity  of  the  excitation.  Figure  4.1-14(c)  shows  the 
published  decay  curves  for  sulfide  P4.  the  phosphor  com- 
monly used  in  black-and-white  home  television  receivers 
(Ref.  29). 

The  P4  designation  is  used  for  two  different  chemical 
mixtures,  one  of  sulfides  and  one  of  silicates.  ?4  is  also 
used  to  designate  a phosphor  composed  of  a combination 
of  these  two  mixtures.  Each  mixture  contains  one  com- 
pound that  emits  a bluish  light,  called  the  blue  compo- 
nent, and  another  that  emits  a yellowish  light,  called  the 
yellow  component.  The  combination  of  these  produces  a 
white-appearing  light.  Figure  4.1-14(d)  shows  a log-log 
plot  of  the  decay  curves  for  the  separate  components  of 
each  of  the  mixtures.  Figure  4.1-14(e)  shows  the  com- 
bined spectral  distribution  of  the  light  emitted  by  these 
two  P4  phosphors. 

The  term  "decay  time"  has  arbitrarily  been  defined  as  the 
time  for  the  luminance  to  fall  from  its  peak  value  to  10 
percent  of  that  value.  The  term  "rise  time"  refers  to  the 


time  taken  to  increase  to  90  percent  of  peak  luminance. 
Peak  luminance  in  both  of  these  definitions  refers  to  the 
peak  brightness  attained  under  a given  set  of  excitation 
conditions. 

Rise  times  and  decay  times  have  been  given  verbal  classi- 
fications as  follows: 

Time  to  rise  to  90  percent 
or  decay  to  10  percent  of 

peak  luminance  Classification 


Greater  than  1 second 

Very  long 

100  msec  to  1 sec 

Long 

1 msec  to  100  msec 

Medium 

lOfisec  to  10  msec 

Short 

Less  than  10  /asec 

Very  short 

(Ref.  29) 

Part  (b)  of  this  figure  illustrates  the  type  of  luminescence 
buildup  which  can  take  place  when  the  rate  of  excitation 
is  much  greater  than  the  decay  rate.  The  buildup  reaches  a 
maximum  value  when  the  phosphor  becomes  saturated, 
that  is,  cannot  produce  more  light  regardless  of  further 
increases  in  excitation. 

The  fluorescence  is  sometimes  referred  to  as  flash.  In 
some  multicomponent  phosphors,  for  instance  P28,  it 
can  be  strong  enough  for  one  component  to  constitute 
flicker  control  problem  (see  Section  4.2), 

Different  phosphors  produce  different  brightness  levels 
for  the  same  level  of  excitation,  that  is,  they  have  dif- 
ferent luminous  vfflcUmcics.  Luminous  efficiency  of 
cathodc'iiminescent  phosphors  is  commonly  defined  as 
the  ratio  of  the  energy  emitted  in  the  form  of  infrared, 
visible,  and  ultraviolet  radiation  to  the  energy  in  the  excit- 
ing beam.  A more  restricted,  but  more  useful  definition 
for  display  design  purposes,  is  the  ratio  of  the  energy  of 
the  visible  light  output,  weighted  for  the  luminosity  curve, 
to  the  electron  energy  of  the  input.  Luminous  efficiency 
varies  greatly  among  phosphors,  and  for  a given  phosphor 
it  depends  upon  the  conditions  of  its  preparation  and 
excitation  (Ref.  30). 
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Figure  4.1-15.  Signal-to-Noise  Ratio.  A’oisc  in  electronic 
circuits  will  be  defined  here  as  any  extraneous  voltage 
accompanying  the  signal  that  interferes  with  the  detection 
of  the  signal.  All  electronic  circuits  produce  noise  to  some 
degree.  The  strength  and  frequency  characteristics  of 
which  depend  upon  such  things  as  the  circuit  design,  the 
operating  conditions,  and  the  types  of  components  chosen 
to  build  the  circuit.  Additional  noise  is  introduced  from 
such  sources  as  transmission  lines  or  other  transmission 
media,  stiay  electromagnetic  radiation  generated  by  elec- 
trical machinery  or  other  electronic  devices,  or  from  geo- 
physical and  astrophysical  phenomenon.  In  addition,  the 
errors  introduced  by  the  quantizing  process  are  also  con- 
sidered noise  and  can  be  treated  like  any  other  source  of 
noise  in  the  analysis  of  the  quality  of  electro-optical 
systems. 

The  relationship  between  the  strength  of  a signal  and  the 
strength  of  its  accompanying  noise  is  referred  to  as  the 
signal-to-noise  ratio  (SNR).  In  this  book,  unless  otherwise 
stated,  the  IEEE  definition  of  SNR  will  be  adopted 
(Ref.11); 

SNR  = P^^k  signal  in  volts 
rms  noise  volts 

or  in  decibels  as 

SNR.p  = 20  log  ( 

\ rms  noise  volts  / 

RMS  refers  to  mot  mean  st/iiare  and  is  defined  as; 


where  V = average  voltage 

Vj  = voltage  at  a given  phase  of  the  lowest 
frequency  signal  of  interest 

N = sequence  length 

RMS  voltage  is  also  calculated  as  0.707  times  the  ampli- 
tude of  voltage  having  a sine-wave  form  in  an  alternating 
circuit. 


In  part  (a)  of  this  figure,  a signal  and  noise  are  separately 
represented  as  ahernating  currents;  i.e.,  currents  which 
alternate  their  direction  of  flow,  represented  as  positive 
and  negative  values.  When  a signal  and  noise  are  present  in 
the  same  circuit,  the  output  is  the  algebraic  sum  of  the 
two.  In  parts  (b)  through  (e)  of  this  figure  the  same  noise 
has  been  added  to  signals  of  decreasing  strength.  As  can  be 
seen,  the  signal  becomes  obscured  by  the  noise.  In  order 
to  be  detected,  the  strength  (modulation)  of  a signal  must 
be  greater  in  the  presence  of  noise  than  in  its  absence. 

This  requirement  of  increased  modulation  has  the  effect  • 
of  reducing  the  bandwidth  of  a given  system.  The  reason 
for  this  can  be  seen  by  reference  to  Figure  4.1-7.  As  the 
modulation  required  to  detect  the  signal  is  raised,  the 
mot'ulation  produced  by  the  frequency  originally  repre- 
senting the  top  of  the  bandwidth  will  become  too  low. 

The  required  higher  modulation  is  seen  to  be  produced  by 
a kjwer  frequency,  representing  a reduction  in  bandwidth. 
Noise  is  characterized  by  its  bandwidth  and  spectrum.  The 
term  narrow-band  noise  refers  to  a noise  whose  own  band- 
width (range  of  frequencies)  is  narrow  compared  to  the 
bandwidth  of  the  circuit  in  which  it  is  founo.  liroad-band 
noise  is  noise  whose  range  of  frequencies  is  similar  to  that 
of  the  circuit  in  which  it  is  found.  Both  of  these  terms  are 
simply  descriptive.  Precise  statements  which  specify  the 
frequency  range  of  the  noise,  such  as  "0.5  MH,;  centered 
at  2.75  MHz"  for  narrow-band  noise,  or  "0  to  5 MHz"  for 
broad-band  noise  are  required  for  a proper  understanding 
of  the  nature  of  the  noise  being  reported. 

A number  of  descriptive  words  are  also  used  to  c laracter- 
ize  the  spectrum  of  a noise  source;  among  the  most  com- 
mon are  terms  such  as  "flat,"  "white."  or  "triang  ilar." 
These  refer  to  the  amplitude  of  the  noise  as  a funttion  of 
its  frequency. 

Noise  can  also  be  characterized  by  the  amount  of  p ower 
per  unit  frequency.  Thus  a noise  source  can  be  speken  of 
having  10'®  watts  per  hertz,  meaning  that  if  all  of  tne 
noise  except  a single  frequency  could  be  eliminated,  elec- 
trical power  flowing  in  the  circuit  would  be  10'^  watts 
(0.001  iJwatts).  This  same  noise  source,  if  expanded  to 
1 MHz  would  deliver  (10'®)  (10"''®)’'^’  = 10'®  watts 
(1  pwatt). 
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Fiqure  4.1-16.  Optical  Line-Scan  Printers  (continued) 
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Figure  4.1-16.  Optical  Line-Scan  Printers.  Both  one- 
and  two-dimensional  sampled  imagery  is  often  printed  on 
film  by  means  of  optical  printers.  When  lasers  are  used  as 
light  sources,  the  devices  are  frequently  called  laser-beam 
recorders  (LBR).  The  printers  come  in  a variety  of  con- 
figurations, some  vvith  flat  beds  and  some  with  rotating 
drums  to  hold  the  film  to  be  exposed.  A much  simplified 
sketch  of  the  latter  type  is  shown  here. 

In  such  a printer,  the  film  is  exposed  a spot  or  line  at  a 
time  by  means  of  a light  shone  through  an  optical  sys- 
tem. The  light  is  focused  onto  the  emulsion  of  the  film 
through  a microscope  objective  or  sonte  similar  optical 
system  so  that  a small  spot  can  be  formed.  Spot  sizes  on 
the  order  of  5 rim  are  not  uncommon.  These  small  spot 
sizes  are  necessary  to  prermit  high-resolution,  small-scale 
imagery  to  be  imaged. 

The  light  is  mounted  on  a carriage  that  is  moved  above 
the  surface  of  the  drum  by  a precision  lead  screw.  The 
position  of  the  light  on  the  film  is  determined  by  the 
rotation  of  the  drum  and  movement  of  the  carriage. 
These,  in  turn,  are  controlled  by  position  signals  from  the 
image.  Typical  position  signals  associated  with  the 
incoming  signal  would  be  the  row  and  column  number  of 
the  pixel  to  be  exposed  in  the  formation  of  a two- 
dimensional  sampled  image. 

The  exposure  is  controlled  by  modulating  the  light  with 
the  image  intensity  signal.  By  synchronizing  the  rotation 


of  the  drum,  the  position  of  the  carriage  containing  the 
light  source,  and  the  image  intensity  S'gnal,  the  exposure 
pattern  formed  on  the  film  will  duplicate  the  intensity 
pattern  in  the  scene. 

Since  currently  available  printers  of  this  type  are  very 
slow  compared  to  the  speed  with  which  images  can  be 
generated  or  transmitted,  some  intermediate  storage  or 
buffer  capability  may  be  necessary.  Long-term  storage  is 
usually  provided  by  magnetic  tapes  or  magnetic  discs; 
short-term  storage,  or  buffering,  is  usually  provided  by  a 
computer  that  will  accept  the  signal  for  a portion  of  the 
image  and  feed  it  to  the  printer  a resolution  element  at  a 
time. 

The  computer  can  be  used  to  manipulate  the  image  signal 
before  it  is  printed.  For  instance,  a negative  or  positive 
transparency  can  be  generated  from  the  same  signal  by 
programming  the  computer  to  command  a high  light  level 
for  a strong  signal  in  tlie  one  case  or  a low  light  level  for  a 
strong  signal  in  the  other. 

Unlike  the  electron  beam  generated  by  an  electron  gun, 
the  point  spread  function  of  an  optical  beam  can  be 
changed  with  relative  ease  if  appropriately  shaped  filters 
are  placed  at  the  proper  position  in  the  optical  train.  This 
capability  can  be  used  to  modify  the  MTF  of  the  system 
(Ref.  18)  or  to  improve  the  cosmetic  quality  of  the 
imagery. 


* 
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4.2.1  Laboratory  Studies  on  CRT  Flicker,  Line  Crawl,  and  Scintillation 
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The  appearanee  of  visually  perceptible  flicker  in  CRT 
displays  depends  upon  the  refresh  rate,  brightness,  color, 
and  si/e  of  the  illuminated  area,  and,  to  some  extent,  the 
decay  characteristics  of  the  display.  It  also  depends  upon 
the  level  of  ambient  illumination  and  the  position  on  the 
retina  which  is  stimulated  (see  Section  3.2-10  and 
Ref.  1).  Two  general  categories  of  flicker  are  spoken  of 
in  the  CRT  literature:  small  field  flicker  and  large  field 
flicker.  Small  field  tlicker  usually  refers  to  flicker  of 
elements  in  single  lines  or  small  groups  of  lines  having  a 
visual  angle  that  does  not  exceed  that  of  fi> veal  vision  (a 
solid  angle  of  about  3 degrees).  Small  field  flicker, 
restricted  to  two  or  three  lines,  is  sometimes  referred  to 
a.s  interline  flicker.  Large  field  flicker  refers  to  flicker 
appearing  over  all,  or  substantially  all  portions  of  the 
face  of  the  tube. 

.!n  CRT  terminology,  refresh  rate  means  the  frequency 
with  which  the  electron  beam  returns  to  a given  spot  on 
the  phosphor.  This  is  nominally  assumed  to  be  equal  to 
the  frame  rate  for  National  Television  Systems  Com- 
mittee (NTSC)  systems. 

The  requirement  to  prevent  perceptible  flicker  (or  at  a 
minimum  reduce  it  to  a tolerable  level)  has  a direct 
effect  on  the  bandwidth  requirements  of  a system.  Tlus 
is  because  the  perception  of  flicker  is  strongly  tied  to  the 
rate  at  which  the  intensity  of  a liglit  varies.  In  a CRT, 
this  rate  depends  upon  the  frame  rate,  which  in  turn  sets 
the  bandwidth  requirement  for  a system  of  a given 
spatial  resolution  and,  for  ptdse  code  mcdulated  digital 
systems,  signal-level  quantization. 

At  the  frame  rate  of  30  Hz  used  in  NTSC  systems,  it  is 
0.0333  second  (3.33  x lO'-  sec)  between  passages  of  the 
beam  over  a given  spot  on  a scan  line.  For  the  P4  sulfide 
phosphor  used  in  black-and-white  pictorial  displays,  the 
blue  component  decays  to  1 percent  of  its  peak 
luminance  in  about  150  psec  (150  x 10'^  sec)  and  the 
yellow  component  in  about  470  /usee  (470  x 10'^  sec; 
Ref.  2).  Thus  the  liglit  from  a given  spot  on  a line 
pulsates  at  the  30-Hz  ride.  Because  of  the  spot  spread 
function,  part  of  the  energy  from  one  line  overlaps  into 
the  adjoining  line'  T.)  the  extent  that  thi'  energy  creates 
luminance,  the  combined  effect  for  interlaced  scans  is  a 
60-Hz  pulsation  with  one  strong  component  and  one 
weak,  individually  varying  at  30  Hz  for  a given  line. 


For  the  luminance  levels  found  in  both  black-and-white 
and  color  monitors,  a 30-Hz  rate  for  the  strong  signal 
alone  would  produce  unacceptable  flicker.  Such  a 
situation  would  occur  if  the  frame  were  scanned  without 
interlace.  By  interlacing  two  fields,  each  of  which  has 
half  the  total  number  of  TV  lines  of  the  frame,  and 
presenting  the  alternate  fields  at  a 60-Hz  rate,  visual 
flicker  is  eliminated  or  reduced  to  a tolerable  level  for 
home  entertainment  systems  (Ref.  3,C).  There  appears 
to  be  no  information  on  the  effect  of  CRT  flicker  on  the 
performance  of  image  interpretation  tasks. 

J.ine  crawl  (also  referred  to  as  raster  crawl)  is  a term 
used  to  describe  the  appearance  of  briglv  .ess  differences 
extending  across  the  face  of  the  CRT  parallel  to  the  scan 
lines;  they  appear  to  move  perpendicuHdy  to  the  scan 
lines.  In  the  most  common  systems  with  horizontal 
scanning,  the  areas  of  brightness  difference  may  appear 
to  move  up,  down,  or  both  simultaneously  (Ref.  4,C).  A 
descriptive  term  which  is  sometimes  used  for  this 
phenomenon  is  the  “window  shade  effect.”  Another 
type  of  motion  may  occur  which  is  limited  to  small 
fields.  Short  segments  of  an  individual  line  may  appear 
to  move  back  and  forth  between  an  adjacent  line  in  an 
oscillatory  motion.  Both  of  these  phenomena  are  exam- 
ples of  what  is  referred  to  in  the  literature  on  vision  as 
apparent  motion,  stroboscopic  motion,  or  phi  phenom- 
enon (Ref.  5).  The  appearance  of  the  effect  is  strongly 
influenced  by  interlace  techniques  (see  Figures  4.2-9 
througli  4.2-13). 

Scintillation  refers  to  a “twinkling”  appearanee  over 
substantial  portions  of  the  tube  face.  It  is  associated 
with  dot  interlace  patterns  and  is  generally  considered 
less  annoying  visually  than  either  small  area  or  a large 
area  flicker  (Ref.  6). 

The  larger  “snowflake”  areas  that  flicker  and  appear  to 
move  randomly  in  the  display  are  created  by  some 
line-dot  interlace  patterns  and  are  considered  very 
objectionable  but  appear  to  be  greatly  reduced  by  the 
use  of  \on%-persistence  phosphors  (Ref.  7,C  and  Figures 
4.2-8  to  4.2-1?). 
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Figure  4. 21.  Relationship  Between  Interlace  and  Flicker 
Line  Crawl,  Scintillation,  and  Snow.  The  sketch  at  the 
top  of  this  figure  (Figure  4.2-1  (a))  illustrates  the  time 
sequence  for  the  illumination  of  contiguous  areas  on  adja- 
cent lines  of  a 2: 1 interlaced  raster  at  a 30-Hz  frame  rate 
(see  Figure  4.1-8).  Lines  (1,1)  and  (1,2)  belong  to  one  of 
the  two  fields  and  lines  (2,1 ) and  (2,2)  to  the  other.  (The 
first  number  in  parentheses  refers  to  the  field  and  the 
second  to  the  line  within  that  field.)  An  activated  area  in 
any  one  of  the  lines  is  refreshed  at  the  frame  rate  (30  Hz). 
Within  a single  frame,  however,  it  is  only  1/60  second 
between  the  activation  of  the  area  in  (1,1)  or  (1,2)  and 
the  activation  of  the  area  in  (2,1).  At  normal  TV  viewing 
distances  of  4 to  8 times  the  picture  height  (Ref.  8,D),  the 
spatial  and  temporal  integration  characteristics  of  the  eye 
combine  to  eliminate,  or  greatly  reduce,  the  appearance  of 
flicker  for  Jnveal  vision.  Early  work  on  TV  flicker  eliminr 
tion  (Ref.  3,0  led  to  the  adoption  of  this  system  by  the 
NTSC.  When  viewed  from  a short  distance,  or  under  opti- 
cal magnification,  the  angular  subtence  of  each  line 
becomes  greater,  reducing  the  visual  integration  between 
lines,  and  small  field,  or  interline,  flicker  may  be  observed. 
Small  field  flicker  may  also  appear  in  areas  of  high  lumi- 
nance even  at  "normal"  viewing  distances  (see  Section 
3.2.10). 

The  perception  of  tlicker  occurs  at  a higher  frequency  in 
the  periphery  of  the  visual  field  than  in  the  fovea  (see 
Section  3.2,10).  As  a result,  large  field  flicker  may  be 
visible  at  the  edges  of  a 2:1  interlaced  30  Hz  frame  rate 
system  under  conditions  of  high  ambient  illur..ination  or 
high  display  luminance.  Both  small  area  and  large  area 
flicker  will  be  introduced  by  higher  order  Huiiicntiiil  inter- 
luce  patterns  if  the  field  rate  is  held  constant  (Ref.  4,C 
and  Figure  4.2-4).  This  is  because  the  refresh  time  for 
areas  in  the  individual  lines  is  increased  in  direct  propor- 
tion to  the  increase  in  the  interlace  orde'.  Figure  4.2-1  (b) 
illustrates  this  point  for  3:1  and  4:1  sequential  intcrlucc. 
l.iite  crawl,  which  is  described  in  the  Introduction  to  this 
section,  is  particularly  pronounced  in  sequentially  scanned 
high-order  interlace  systems,  (A  sequentially  scanned  or 
interlaced  system  is  one  in  which  the  lines  from  succeed- 
ing fields  are  written  adjacent  to  each  o'her  as  is  illus- 
trated in  Figure  4.2-1  (b).)  In  these  systems,  light  and  dark 
bands  appear  to  move  in  a direction  perpendicular  to  the 
direction  of  scan.  For  horizontally  scanned  systems,  the 
banc's  move  vertically.  This  effect  is  seen  in  motion  pic- 
ture recordings  of  CRT's  when  the  camera  frame  rate  has 
not  been  synchronizing  with  the  CRT  frame  rate. 

In  high-order  interlace  systems,  line  crawl  may  be  made 
less  objectionable  by  using  stai;i;ered  interbee  techniques. 
In  these  techniques,  the  lines  from  succeeding  fields  are 
intermixed  rather  than  being  contiguous  as  in  the  sequen- 
tial interlace  systems.  Two  types  of  staggered  interlace 
have  been  considered— periodic  and  aperiodic  (Ref.  4,0. 

In  periodic  stagyered  interlace,  the  time  allotted  for  each 
field  is  the  same;  in  this  respect,  the  technique  is  like  the 
sequential  systems.  Figures  4.2-1  (c)  and  4.2-1  (d)  give 
examples  of  periodic  staggered  line  interlaces  for  a 4:1 
and  5:1  interlace  order.  Other  sequences  are  possible  for 
both  orders.  The  discussion  of  this  interlace  technique  is 
expanded  in  Figure  4.2-3. 


In  aperiodic  interlace  systems,  the  fields  are  also  staggered, 
but  different  times  are  alloted  each  field.  As  a result, 
there  are  considerable  differences  in  the  tin  es  b tween 
adj  ''ent  lines.  Figure  4.2-1  (e)  illustrates  the  case  of  a 4:1 
in  where  the  field  times  would  stana  m the  ratios 

1 , 1 :1.006,  1 ;1.002  and  1 :1  to  each  other  for  a 

sysi-;-in  with  492  active  TV  lines.  The  large  differences  th.s 
slight  aperiodicity  in  the  field  times  makes,  in  the  times 
between  adjacent  lines  while  eliminating  line  crawl,  results 
in  uneven  signal  readout  from  the  camera,  which  creates  a 
very  disturbing  pattern  of  bright  and  dim  lines  in  the  dis- 
play (Ref.  4,0. 

Seintillatiini  and  snow  are  defects  produced  in  point  scan 
systems.  In  these  systems,  aside  from  the  basic  differences 
between  the  two-dimensional  sampling  system  of  the 
point  scan  technique  and  the  one-dimensional  sampling 
system  of  the  line  scan  technique  (see  Figures  4.1-3  and 
4.1  4).  there  is  a sig'^ificant  difference  in  the  visual  appear- 
ance of  the  flicker  each  produces.  The  small  field  flicker 
of  the  line  scan  system  is  most  analogous  to  the  scintilla- 
tion that  is  produced  by  point  scan  systems.  Scintillation, 
however,  appears  as  a "twinkling"  ove'  the  entire  surface 
of  tne  tube.  It  is  considered  much  less  annoying  than  large 
field  flicker  (Ref.  6).  Snow,  on  the  other  hand,  is  a ran- 
dom variation  of  brightness  over  larger  areas,  as  when  a 
TV  set  is  turned  to  a channel  having  no  broadcast;  it  is 
very  disruptive.  There  is  no  known  quantitative  distinc- 
tion between  the  two  effects. 

Dot  scan  systems,  like  line  scan  systems,  can  be  interlaced 
or  noninterlaced;  they  can  also  be  interlaced  sequentially 
or  staggarad.  In  addition  they  are  sometimes  random; 
that  is,  the  refresh  sequence  of  the  dots  comprising  the 
scene  is  not  a clearly  identifiable  pattern  of  rows  or  dots, 
but  is  some  fixed  pattern  with  successive  spots  located  at 
widely  different  locations. 

An  example  of  scanning  patterns  for  an  interlaced  dot 
scan  system  is  shown  in  Figure  4.2-1{f)  (Ref.  7,C).  The 
definitions  of  the  terms  "field,"  "frame,"  and  "picture" 
are  different  for  this  system  than  for  line  scan  sys’ems 
and  are  similar  to  those  *or  the  dot  interlaced  color  sys- 
tem described  in  Figure  4.1-13.  A field  consists  of  one 
complete  traverse  of  the  scanning  beam  from  top  to  bot- 
tom of  the  picture  area.  If  the  writing  scheme  includes 
interlace  of  the  dots  on  any  particular  scan  line,  rather 
than  writing  them  all  on  one  pass,  only  part  of  each  "line" 
will  be  activated  during  each  field.  In  the  example  shown, 
cniy  1/5  of  the  dots  are  activated  on  each  line  for  each 
field.  A frame  consists  of  one  complete  set  of  fields.  In 
the  example  shown,  (part  (b)),  this  number  is  seven.  At 
the  completion  of  one  frame,  1/5  of  the  dots  in  the  pic- 
ture have  been  written.  It  follows  then  that  five  frames 
complete  a picture,  in  such  a system,  the  picture  may  be 
considered  to  consist  of  a number  of  similar  cells  as  shown 
in  the  illustration.  The  cells  themselves  may  also  be  stag- 
gered, as  shown. 

Evaluations  of  such  systems  are  given  in  Figures  4.2-8 
through  4.2-13. 
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EXAMPLES  OF  STAGGERED  PERIODIC  4:1  LINE  INTERLACES 
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Figure  4,2-1.  Relationship  Between  Interlace  and  Flicker,  Line  Crawl,  Scintillation,  and  Snow  (Continued) 
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APERIODIC  4:1  LINE  INTERLACE 
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example  of  mixed  line-dot  INTERLACE 
LINE  INTERLACE  = 7:1;  DOT  INTERLACE  = 5:1 
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DOT  PATTERN  LAID  DOWN  IN  A CELL 
DURING  ONE  FRAME.  IN  THE  NEXT 
FRAME  THE  DOTS  ARE  SHIFTED  ONE 
COLUMN  RIGHT,  AS  INDICATED  BY 
THE  X'S. 
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Figuie  4.2-1.  Relationship  Between  Interlace  and  Flicker,  Line  Crawl,  Scintillation,  and  Snow 

(Continued) 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 

4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 


As  fjr  as  is  known,  no  laboratory  suidics  have  been 
pcrlornii'il  ilealinj;  with  imape  interpreter  performance  as 
a function  of  jlukcr,  line  crawl,  or  sciniillaliim.  The 
studies  that  have  been  performed  have  used  either 
subjective  judgments  of  such  things  as  image  quality  and 
visual  annoyance,  or  have  objectively  measured  the 
critical  fusion  frequency  (CIT').  (Sec  Section  3.2. 10  for 
a discussion  of  the  factors  contributing  t<r  CFF.)  Both 
types  will  he  reported  here. 


Two  ol  the  studies  dealing  with  C'FF  did  not  use  scanned 
rasters.  The  first  of  these  (Figure  4.2-4)  used  a single 
line,  as  might  he  found  in  a graphics  or  alphanumeric 
display,  and  the  second  (Figures  4.2-5  and  4.2-h)  used  a 
single,  defociised.  stationary  spot  and  changed  its  bright- 
ness by  varying  the  beam  current. 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 

4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


Figure  4.2-2;  Effect  of  Field  and  Frame  Rale  for  Non- 
Interlaced  and  2:1  Line  Interlaced  Rasters.  Figure 
4.3-1  (a)  presents  the  result:  of  an  early  study  of  flicker  in 
raster  scanned  CRT's  (Ref.  3,C).  It  is  one  of  the  few 
studies  that  could  be  found  where  line  scan  was 
employed.  A 15.2-cm  (6-inch)  display  having  a willimite 
phosphor  (PI)  was  used.  Figure  4.3-1  (b)  gives  the  decay 
characteristics  of  this  phosphor  and  4.3-1  (c)  gives  its  spec- 
tral distribution.  The  CRT  was  viewed  from  0.91m  (3 
feet)  in  a room  with  an  ami  'nt  illumination  of  about  1 .0 
cd/m^  (0.3  fL).  The  flicker  was  judged  on  a three-point 
scale:  "just  noticeable,"  "noticeable  but  satisfactory," 
and  "disagreeably  objectionable."  The  itumber  of  subjects 
was  not  specified. 

This  study  was  followed  by  two  others  (reported  in  the 
same  reference)  in  which  a 2:1  interlace  was  tested.  No 
quantitative  data  was  given  for  these  latter  studies.  In  the 
first  study,  it  was  found  that  a 24-Hz  frame  rate  with  a 
48-Hz  field  rate  satisfactorily  eliminated  flicker.  Because 
of  interaction  with  the  standard  U.S.  power  line  fre- 
quency of  60  Hz,  a "ripple"  of  brightness  was  created, 
which  traveled  across  the  image.  The  second  study  found 
that  a 30-Hz  frame  rate  with  60-Hz  fields  satisfactorily 
eliminated  the  "ripple."  This  was  the  system  later  adopted 
by  the  NTSC. 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 

4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWc,  AND  SCINTILLATION  (CONTINUED) 


Figure  4.2-3.  Effect  of  Dot  Interlace  Order  and  Phosphor 
Persistence  on  Flicker  in  Alphanumeric  CRT  Displays. 
Twenty-one  different  dot  interlace  patterns  were  tested 
using  two  different  phosphors  to  determine  their  effects 
on  flicker  (Ref.  9,C).  The  authors  used  the  term  "flicker," 
although  scintillation  and  snow  ate  the  usual  types  of 
problems  encountered  in  dot  scan  systems.  A frame  was 
defined  as  the  activation  of  each  spot  in  the  display  one 
time  and  only  one  time.  Thus  frame  rates  and  refresh 
rates  are  synonymous.  A jtimi)  scan  beam  movement  was 
used,  with  a maximum  of  12  pisec  between  dot  locations. 
For  the  progressive  scans  (numbers  18  and  20  in  the 
accompanying  table,  the  2:1  interlace  (numbers  4 and 
14),  the  4:1  interlace  (numbers  7 and  16),  and  the  half- 
screen  interlace  (numbers  19  and  21),  all  dots  in  one  row 
for  the  horizontal  cases,  or  one  column  for  the  vertical 
cases,  were  scanned  before  the  next  row  was  started.  The 
sequence  of  rows  or  columns  was  determined  by  the  inter- 
lace order  (see  Figure  4.2-1).  For  the  dot-line  system 
(number  1 in  the  table),  a 4:1  dot  interlace  order  was  used 
with  a progressive  line  scan;  meaning  that  every  fourth  dot 
on  a line  was  activated  during  the  single  space-thus  four 
fields  were  required  to  complete  the  frame.  The  random 
dot  scan  pattern  (number  12)  consisted  of  activating  the 
dots  randomly,  regardless  of  the  scan  line  they  fell  in.  A 
frame  consisted  of  activating  all  the  dots  one  time.  Frame 
times  and  refresh  times  were  equal. 

For  the  matrix  scans  (called  pseudo  random  by  the 
authors),  the  area  of  the  tube  comprising  the  message  was 
broken  into  cells  of  dots  of  the  sizes  shown  in  the  table, 
and  either  one  or  four  randomly  chosen  points  in  each  cell 
were  scanned  before  the  beam  went  to  the  next  cell.  In 
the  "all  points"  condition,  the  total  number  of  points  in  a 
cell  were  scanned  in  random  order  before  the  beam  went 
to  the  next  location.  The  apparent  discrepancy  between 
the  2x2  (4)  condition,  and  the  2x2  (all)  condition  is  not 
explained. 


Two  long  persistence  phosphors  were  studied-P12  and 
P38.  Their  published  persistence  curves  (Ref.  2)  and  those 
measured  in  this  study  are  shown  in  4.3-2(b).  The  meas- 
ured luminance  of  the  spots  used  to  generate  the  charac- 
ters was  238  cd/m^  (69.5  f L),  and  tiie  background  lumi- 
nance was  9.5  rd/m^  (2.8  f L).  Ambient  illumination  was 
55  footcandles. 

The  alphanumeric  display  consisted  of  four  rows  of  upper- 
case letters,  comprising  a message  made  up  of  40  letters. 
The  type  font  was  unspecified.  The  display  consisted  of 
a total  of  649  dots.  The  viewing  distance  was  "about  19 
inches"  (4P.2  cm)  and  at  that  distance  each  spot  sub- 
tended aiJproximately  5 arc  minutes  at  the  eye.  Two  sub- 
jects were  used,  and  each  made  40  judgments  for  every 
interlace  technique. 

Figure  4.3-2(a)  gives  the  means  and  standard  deviation  for 
the  two  subjects  for  each  interlace  condition.  The  data 
have  been  arranged  for  the  PI  2 phosphor  by  increasing 
refresh  rate  for  the  combined  means  of  the  two  subjects. 

No  tests  of  significance  were  reported  for  this  data;  how- 
ever, the  longer  persistence  P38  phosphor  (1.02  sec) 
appears  to  require  lower  refresh  rates  than  the  P12  (210 
msec).  It  must  also  be  noted  that  both  of  these  phosphors 
have  considerably  longer  decay  times  thtn  the  P4  used  for 
most  black-and-white  CRT  picture  monitors  (60  psec  for 
the  yellow  component  of  the  sulfide  P4). 

Figure  4.3-2(c)  shows  the  relative  bandwidth  requirements 
for  each  of  the  21  interlace  conditions  using  the  refresh 
rate  for  the  PI 2 phosphor  under  the  standard  2:1  horizon- 
tal interlace  as  a norm.  The  comoined  means  of  the  two 
subjects  were  used  as  the  best  estimate  of  the  required 
rate. 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 

4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 
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INTERLACE  TECHNIOUE  (see  table  below) 


1 DOT-LINE  INTERLACE 

2 MATRIX  6x6(1) 

3 MATRIX  10x10  (1) 

4 2:1  LINE  INTERLACE  (H) 

5 MATRIX  20x20  (all) 

6 MATRIX  2x2  (4) 

7 4:1  LINE  INTERLACE  (V) 


INTERLACE  TECHNIOUES 

8 MATRIX  2x2(1) 

9 MATRIX  10x10  (4) 

10  MATRIX  20x20  (1) 

11  MATRIX  6x6  (4) 

12  RANDOM  DOT 

13  MATRIX  10x10  (all) 

14  2:1  LINE  INTERLACE  (V) 


H =■  HORIZONTAL  RASTER 
V = VERTICAL  RASTER 

(NUMBERS)  = NUMBER  OF  DOTS  ACTIVATED  IN  MATRIX 
CELL  BEFORE  ADVANCING  TO  NEXT  CELL 


15  matrix  6x6  (all) 

16  4:1  LINE  INTERLACE  (H) 

17  MATRIX  2x2  (all) 

18  VERTICAL  PROGRESSIVE 
(no  line  interlace) 

19  SCREEN  INTERLACE  (H) 

20  HORIZONTAL  PROGRESSIVE 
(NO  LINE  INTERLACE) 

21  ’/,  SCREENTNTERLACE  (V) 


PEF.9,C 


Figure  4.2-3.  Effect  of  Dot  Interlace  Order  and  Phosphor  Persistence  of  Flicker  in  Alphanumeric  CRT  Displays  (Continued) 
(text  on  preceding  page) 


BANDWIDTH  REQUIRED  TO  ELIMINATE  FUCKER 
2:1  horizontal  interlace  with  PI  2 phosphor  = 100  (percent) 


SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 


4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


Figure  4.2-3.  Effect  of  Dot  Interlace  Order  and  Phosphor  Persistence  of  Flicker  in  Alphanumeric  CRT  Displays 

(Continued) 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 


4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


(a)  LOWEST  REFRESH  RATE  WHICH  WILL 
GIVE  FREEDOM  FROM  FLICKER  FOR 
50%  OF  THE  OBSERVERS 


LUMINANCE  (iL) 

1.0  10  1(X) 


LUMINANCE  (cd/m^) 


LOWEST  REFRESH  RATE  WHICH  WILL 
GIVE  FREEDOM  FROM  FLICKER  FOR 
90%  OF  THE  OBSERVERS 


LUMINANCE  (fU 

1.0  10  100 


I Figure  4.2-4.  Flicker  Suppression  Refresh  Rates  for 

Single  Short  Lines  and  Several  Phosphor  Types.  Alpha- 
. numeric  characters  and  graphic  information  presented  on 

I CRT's  are  typically  made  up  of  single  spots  or  relatively 

thin  lines.  The  data  shown  here  were  gathered  in  an 
I investigation  of  the  refresh  rate  required  to  prevent  the 
t flicker  of  short  line  segments  (Ref.  10,C).  The  segments 
I were  0.02  inch  wide  (0  5 mm)  and  0.5  inch  long  (12.7 

1 mm).  The  viewing  distance  was  not  given  so  the  visual 

angles  subtended  by  the  segment  are  not  known.  They 
were  presented  on  a background  of  10  cd/m^  (3  f L).  The 
number  of  observations  was  not  stated. 

The  data  were  reported  for  a range  of  refresh  rates  and 
line  brightnesses  for  the  seven  phosphor  types  she  ,1  here. 

The  differing  persistences  of  the  phosphors  was  rejected 
by  the  author  as  the  sole  cause  of  the  differences  in 
refresti  rates  required  to  eliminate  flicker.  P28,  for 
instance,  is  a long-persistence  phosphor  and  at  high  bright- 
ness levels  its  required  refresh  rate  is  above  that  for  PI,  a 
medium,  short-persistence  phosphor.  The  accompanying 
table  lists  the  phosphors  in  order  from  the  highest  to  low- 
est refresh  rate  required  to  eliminate  flicker  at  171  cd/ni^ 
(50  fL).  The  suggestion  is  made  that  the  high  primary 
jiasli  of  the  P28  may  account  for  its  unusual  position  in 
the  table.  "Primary  flash"  is  a term  sometimes  used  to 
describe  the  very  bright  fluorescence  of  a cathode  hum- 
ncuTPt  phosphor  when  it  is  being  bombarded  by  the  elec- 
tron beam  of  the  CRT  (Ref.  11). 

The  author  also  states  that  to  prevent  flicker  in  peripheral 
vision,  refresh  rates  must  be  3 to  5 Hz  above  the  rates  for 
t\e  fovea,  but  no  data  are  given  to  support  this  position. 
However,  in  support  of  the  general  statement  that  higher 
frequencies  are  needed  to  suppress  flicker  in  the  periph- 
ery as  compared  to  the  fovea,  see  Section  3.1.10,  partic- 
ularly Figur?  3.2-49. 


PHOSPHOR 

REFRESH  RATE  (Hz) 
THRESHOLD  OF 
AVERAGE  PERSON  AT 
(171  cd/m2)  (50  fL) 

PERSIST ANCE  (seconds) 
TIME  FOR  BRIGHTNESS 
TO  FALL  TO  10%  OF 
INITIAL  VALUE 

P4  blue  component 

33.5 

40  sec 

Vellow  component 

12.5  msec 

P20 

32.7 

0.05  ms  to  1.8  msec 

P31 

32.4 

38  p sec 

P28 

31.4 

550  msec 

P7  (blue  component) 

29.8 

43  n sec 

(vellow  component! 

400  msec 

PI 

29.2 

24.5  msec 

PI  9 

17.5 

220  msec 

REF,  10,C 

REF.  12 

\ 


4.2-1 1 


SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 


4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


AVERAGE  LUMINANCE  OF 
SPOT  ABOVE  SURROUND  (fU 


35  10  20  30  50 


Figure  4.2-5.  Flicker  Suppression  Refresh  Rates  for  a Small  Area  and  Several  Phosphor  Types  (continued) 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 

4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


REFRESH  RATE  REQUIRED  TO  ELIMINATE 
FLICKER  (Hz) 

PUBLISHED 

PHOSPHOR 

34cd/m^(10ILI 

100cd/m^  (30  fL) 

PERSISTENCE* 

P12 

26.5 

— 

210  msec 

P7  (yellow  component) 

31.3 

37.7 

400  msec 

PI 

33.2 

37.0 

24,5  msec 

P28 

34.0 

39.7 

550  msec 

(measured  >2  msec) 

^4  (silicate) 

(blue  component) 

35.3 

40.5 

40  sec 

(yellow  component) 

12.5  msec 

P31 

37.5 

46.0 

38  ^ sec 

P20 

40.3 

47.3 

0.05  msec  to 
1 .8  msec 

REF.  13.C 

REF.  13, C 

REF,  12 

* REF.  13 

“decay  time  is  a FUNCTION  OF  BEAM  CURRENT 


Figure  4.2-5.  Flicker  Suppression  Refresh  Rates  for  a 
Small  Area  and  Several  Phosphor  Types.  The  refresh  rates 
reported  in  this  figure  were  obtained  using  a single  illumi- 
nated area  3.8  mm  (5/32  in)  in  diameter  and  a beam  hav- 
ing a 2-percent  duty  cycle  (Ref.  13, C).  This  area  was 
defined  by  a hole  in  a mask  placed  over  the  face  of  the 
tube.  The  area  was  activated  by  a stationary  beam  that 
had  been  defocused  sufficiently  to  forrna  large  spot.  The 
area  around  the  spot  reflected  10  cd/m^  (3  fL)  from  the 
ambient  room  illumination.  The  background  luminance 
produced  by  reflection  of  the  ambient  light  from  the  face  ■ 
of  the  tube  was  not  reported.  All  lumina  ce  values  except 
the  maximum  were  obtained  by  placing  neutral  density 
filters  in  the  opening  of  the  mask. 


The  viewing  distance  was  30  cm  (12  in)  to  38  cm  (15  in) 
making  the  target  subtense  visual  angle  of  between  36  arc 
minutes  and  44  arc  minutes.  The  data  shown  here  are  the 
averages  for  three  observers.  The  number  of  observations 
for  each  is  not  reported.  Published  decay  times  are  given 
in  the  accompanying  table.  The  displacement  of  the  P28 
phosphor  relative  to  its  published  decay  times  led  the 
author  to  measure  the  sample  he  had.  )He  found  a 2 msec 
rather  than  the  published  550  msec  decay  time. 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 


4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


SINE  MODULATION  CRITICAL  FLICKER 
FREQUENCY  FOR  PHOSPHOR  P31 
DECAY  TIME  ^ 38  pSEC 


SINE  MODULATION  CRITICAL  FLICKER 
FREQUENCY  FOR  PHOSPHOR  P7 
DECAY  TIME  - 400  pSEC  FOR  YELLOW  COMPONENT 


SINE  MODULATION  CRITICAL  FLICKER 
FREQUENCY  FOR  SILICATE  P4 

DECAY  TIME  - 40  pSEC  FOR  BLUE  COMPONENT 
12.5  MSEC  FOR  YELLOW  COMPONENT 


SINE  MODULATION  CRITICAL  FLICKER 
FREQUENCY  FOR  PHOSPHOR  PI 
DECAY  TIME  = 24.5  MSEC 


Figure  4.2-6.  CRT  Flicker  as  a Function  of  Beam  Modulation  and  Phosphor  Type  (Continued) 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 

4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


Figure  4.2-6.  CRT  Flicker  as  a Function  of  Beam 
Modulation  and  Phosphor  Type.  The  conditions  of  this 
study  were  the  same  as  for  those  reported  in  the  previous 
figure  except  that  the  CRT  beam  current  was  modulated 
sinusoidally  at  various  amplitudes  rather  than  pulsed  on 
and  off  (Ref.  13,0.  The  illuminated  area  was  a 0.39-cm 
(5/32-in)  circular  opening  in  a mask  placed  over  the  CRT 
faceplate.  The  luminances  reported  are  the  average  for  the 
sine-wave  modulation  ((maximum  + minimumi  12). 
Except  for  the  highest  average  luminance,  all  others  were 
obtained  by  placing  neutral  density  filters  in  the  mask 
opening.  The  area  around  the  mask  opening  reflected  10 
cd/m^  (3  fL)  from  the  ambient  room  illumination.  The 
viewing  Distance  was  between  30  cm  (12  in)  and  38  cm 


(15  in),  making  the  target  subtend  a visual  angle  of 
between  38  arc  minutes  and  44  arc  minutes. 

Seven  phosphors  were  tested  having  a range  of  persistence 
from  pisec  to  550  msec.  They  were  the  same  seven 
reported  in  the  previous  figure,  PI,  P4,  P7,  P12,  P20,  P28, 
and  P31.  Persistence  times  for  all  seven  can  be  found  in 
that  figure. 

Tne  results  for  four  of  the  phosphors  are  reported  here. 

As  with  the  pulse  modulated  beam  of  the  previous  figure, 
the  frequency  needed  to  suppress  flicker  was  strongly 
dependent  upon  the  phosphor  persistence. 


SECTION  4,2  CATHODE  RAY  TUBE  FUCKER,  LINE  CRAWL,  AND  SCINTILLATION 

4.2,,  LABORATORY  STUDIES  ON  CRT  TUCKER,  LINE  CRAWL.  AND  SCINTILLATION  .CONTINUED, 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 


1.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER.  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


Figure  4.C-7.  Effect  of  Sequential  and  Staggered  Interlace 
on  Flicker  and  Line  Crawl.  All  higher  order  sequential 
line-interlaced  rasters  have  unacceptable  line  crawl  charac- 
teristics. To  prevent  line  crawl,  certain  staggered  sequen- 
ces have  been  found  better  than  others,  particularly  when 
long  persistence  phosphor',  such  as  P38  are  used  in  the 
CRT.  The  data  presented  here  are  from  Ref.  4,C.  Sequen- 
tial scanning  is  illustrated  in  the  first  column  of  each  of 
the  accompanying  diagrams.  The  lines  from  sequential 
fields  are  arranged  spatially  In  order  by  the  time  sequence 
of  the  fields.  The  other  columns  represent  staggered 
orders  that  are  periodic.  For  even-order  systems,  staggered 
spacing  which  have  common  denominators  with  the  inter- 
lace order  result  in  duplications  of  lower  order  interlace 
relationships.  Figure  4.3-3(c)  illustrates  this  situation.  For 
the  8:1  interlace  sequential  field,  separations  of  two  and 
six  lines  result  in  interlaces  that  duplicate  a 4:1  system, 
and  a separation  of  four  lines  duplicates  a 2:1  system. 


The  results  of  observations  on  CRT's  having  Jht  field 
luminance  showed  that  lii.e  crawl  even  for  short  persis- 
tence phosphors  can  be  greatly  reduced  by  a staggered 
interlace  in  which  sequential  fields  are  written  as  close  to 
N/2  lines  apart  as  the  interlace  order  will  permit.  (N  = 
interlace  order.)  For  instance,  for  a 5:1  interlace,  5/2  = 
2.5.  Since  the  separation  of  the  lines  must  be  a whole 
number  in  order  to  prevent  line  overlap,  either  2 or  3 
must  be  chosen,  and  will  result  in  the  least  objectionable 
line  crawl.  For  the  long  persistence  phosphor  screen 
tested,  P38,  a 2-1/2  times  increase  in  subjective  resolution 
was  reported  for  the  3-line  spaced,  5:1  interlace  over  the 
2:1  interlace.  The  increase  was  less,  but  not  specified  for 
the  P4  screen. 

Little  improvement  in  resolution  was  reported  for  7:1  and 
8:1  interlace  orders  over  5:1.  7:1  looked  slightly  better 
on  the  long  persistence  screen  (P38),  and  5:1  looked 
better  on  the  short  persistence  screen  because  of  reduced 
scintillation.  It  was  reported  that  there  was  "little"  large- 
field  flicker  on  the  P4  screen.  Highlight  brightness  was 
measured  at  34  cd/m^  (10  fL)  in  a darkened  room  and 
343  cd/m^  (100  f L)  in  a "well  illuminated  laboratory." 
Observers  were  "about  a doze:i"  of  the  author's  associ- 
ates. In  interpreting  these  results,  it  must  be  kept  in  mind 
that  long  persistence  phosphors  are  not  suitable  for  dis- 
playing moving  images.  The  persistence  causes  the  image 
to  smear. 


SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 


4.2.1  LABORATORY  STUDICS  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


SUBJECTIVE  ASSESSMENT  OF  DOT  INTERLACE  ORDERS 

FOR  2 1 LINE  INTERLACE  FOR  R 1 
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Figure  4.2-8,  Subjective  Assessment  of  Dot  Interlace  fo  2:1  I ine  Interlace  Wnen  R >>  1 (continued) 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAV^L,  AND  SCINTILLATION 


4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


Figure  4.2-8:  Subjective  Assessment  of  Dot  Interlace 
for  2:1  Line  Interlace  when  R = 1.  This  figure  and  the 
five  following  it  (Figures  4.2-9  through  4.2-13)  show 
the  judged  acceptability  for  various  combinations  of 
line  and  dot  interlace  ratios  in  high-order  line-dot 
interlace  systems,  using  a tong  persistence  (P38)  phos- 
phor. Systems  up  to  7:1  line  interlace  and  5:1  dot 
interlace  are  covered.  The  acceptability  of  specific  combi- 
nations was  judged  by  a small  group  of  technical  person- 
iiel.  No  information  was  provided  on  the  number  of 
observers,  their  experience,  the  number  of  judgments 
made  by  each,  or  the  viewing  distance  (Ref.  7,C).  The 
technique  for  using  the  charts  in  each  figure  is  detailed 
here.  The  remainder  of  the  figures  have  numerical  exam 
pies  to  assist  the  reader  in  their  use. 

To  use  the  charts,  it  is  necessary  to  calculate  values  for  the 
terms  A,  B,  C,  and  R.  B is  calculated  using  the  formula: 

g _ number  of  dots  per  line 
dot  interlace  order 

C is  found  by  the  formula: 

_ _ number  of  lines  per  frame 
dot  interlace  order 


The  number  of  dots  per  line,  assuming  equal  horizontal 
and  vertical  resolution,  is  4/3  x the  number  of  active 
TV  lines  per  frame,  and  is  expressed  as  a whole  number. 

A is  the  dot  interlace  order. 


R is  the  numerator  of  the  remainder  from  the  division: 


Number  of  active  lines  per  frame 
Line  interlace  order 

In  using  the  tables  in  this  and  the  following  figures,  it  is 
well  to  calculate  R first,  because  data  are  not  given  for 
some  values  of  R,  therefore  no  information  on  the  accept- 
ability of  the  interlace  orders  for  such  values  is  available. 

The  following  is  an  example  of  the  method  of  using  the 
chart.  A TV  system  of  493  active  lines  is  assumed  with 
interlace  orders  of  2:1  for  the  line  interlace  and  5:1  for 
the  dot  interlace.  For  such  a system,  R is  found  by: 

493 

-j—  = 246Vj;  therefore  R = 1 

The  heading  at  the  top  of  the  table  indicates  that  it  can  be 
used  for  this  value  of  R. 


For  this  example: 

Dots  per  line  = 4/3  x 493  = 657.3  = 657  (rounded! 


B is  the  remainder  cf  the  division: 


= 131  2/5,  therefore  B = 2 
b 

C is  the  remainder  of  the  division: 

493 

^ = 98  3/5;  therefore,  C = 3 


To  find  the  judged  acceptability  of  such  a system,  the 
table  is  entered  at  line  A5-82  and  column  A5-C3,  as 
shown  on  the  chart.  A "?"  is  found  at  the  intersections  o 
these  lines,  indicating  that  this  line-dot  interlace  system 
was  found  to  have  borderline  acceptability  from  the 
standpoint  of  line  flicker,  line  crawl,  and  snow. 

The  judgments  of  acceptability  were  made  on  a CRT  mo 
itor  having  a P38  phosphor  and  have  questionable  applic. 
bility  to  phosphors  with  shorter  persistence.  Alpha- 
numeric material  was  displayed  on  the  screen  that  had 
approximately  15  scan  lines  per  character  height.  High- 
light brightness  was  10  cd/m^  (3  fL),  and  observations 
were  made  in  a "darkened  room."  A 60-Hz  field  rale  wa 
used.  Frame  rates  depend  upon  the  dot  interlace  order 
and  can  be  found  by  multiplying  the  dot  interlace  order 
by  the  line  interlace  order  and  dividing  the  field  rate  by 
the  product.  For  example  for  a 5:1  dot  interlace  and  the 
3:1  line  interlace: 


60  60 

BTsT  15 


4 Hz 


Tables  for  other  line  interlace  orders  and  R values  are 
given  as  follows: 


Line  interlace  R values  Figure 

order 


3:1 

1 and  2 

4.2-9 

4:1 

1 and  3 

4.2-10 

5:1 

2 and  3 

4.2-11 

7:1 

2 ,nd  5 

4.2-12 

7:1 

3 and  4 

4.2-13 

9 


4.2-19 


SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 


4.2.1  LABORATORY  STUDIED  ON  CRT  FLICKER.  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


SUBJECTIVE  ASSESSMENT  OF  DOT  INTERLACE  ORDERS 


FOP  3:1 
(if  R * 1, 


LINE  INTERLACE 
uie  C^ ; if  R ‘ 2,  use  C^l 


2 A 4 4 5 5 
112  3 12 


C2 


78888888 


3 4 5 6 1 


3 4 5 6 7 


1654321765432  1 
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DOT  INTERLACE  ORDER 

REMAINDER  FROM  DIVISION;  NUMBER  OF  DOTS  PER  LINE 

DOT  INTERLACE  ORDER 


REMAINDER  FROM  DIVISION; 


NUMBER  OF  LINES  PER  FRAME 


DOT  INTERLACE  ORDER 

REMAINDER  FROM  DIVISION;  NUMBER  OF  LINES  PER  FRAME 

LINE  INTERLACE  ORDER 

ACCEPTAB.E 

UNACCEPTABLE 

BORDERLINE 

SAME  AS  ACCEPTABLE  LOWER  ORDER  CASE 
SAME  AS  UNACCEPTABLE  LOWER  ORDER  CASE 


REF.  7,  C 


Figure  4.2-9.  Subjective  Assessment  of  Dot  Interlace  for 
3:1  Line  Interlace  when  R = 1 or  R = 2 
A numerical  example  of  how  to  use  this  table  is  given 
below.  For  a complete  description  of  the  calculations,  see 
Figure  4.2-8.  The  system  used  for  this  example  has  493 
active  TV  lines,  a 3:1  line  interlace  ratio,  and  a 5:1  dot 
interlace  ratio,  and  a 60-Hz  field  rate  and  a 4:3  aspect 
ratio,  therefore: 

Dots  per  line  ■=  4/3x493  = 657 

(The  rounded  whole  number  is  used) 

667 

For  B:  = 131  2/5  therefore  B = 2 


ForC:  = gs  3/5  therefore  C = 3 


For  R:  ~ = 164  1/3  therefore  R = 1 


for  the  frame  rate: 


-60.  =60 
5(3)  15 


In  using  the  table,  it  will  be  noted  that  some  row  entries 
under  B have  two  numbers.  These  rows  are  to  be  used  for 
either  of  these  numbers.  Since  R = 1 in  the  example 
above,  the  entries  under  the  column  labeled  Cl  are  to  be 
used.  The  acceptability  of  the  system  in  this  example  is 
shown  by  the  symbol  at  the  intersection  of  row  A5-B2 
and  column  A5-C^3,  as  shown  in  the  chart. 

Caution:  The  results  shown  in  the  chart  are  for  a 'ong 
persistence  phosphor  (P38)  and  have  questionable  appli- 
cability for  phosphors  of  shorter  persistence. 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 

4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


SUBJECTIVE  ASSESSMENT  OF  DOT  INTEHLACE  ORDERS 
FOR  4.1  LINE  INTERLACE  (II  R . 1,use  C,,  if  R 3,  use  Cj) 
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REF.  7,  C 


Figure  4.2-10.  Subjective  Assessment  of  Dot  Interlace  for 
4;1  Line  Interlace  When  R = 1 or  R = 3 

A numerical  example  of  how  to  use  this  table  is  given 
below.  For  a complete  description  of  the  calculations,  see 
Figure  4.2-9.  The  system  used  for  this  example  has  493 
active  TV  lines,  a 4:1  interlace  ratio,  and  a 5:1  dot  inter- 
lace rutio,  and  a 60  Hz  field  rate  and  a 4:3  aspect  ratio. 
Therefore: 

ForR:  ^ = 123  1/4;  therefore,  R = 1.  Checking 

the  table  it  is  found  that  the  table  can  be  used  for  this 
value  of  R. 

Dots  per  line  = 4/3  x 493  = 657 

for  B,  = 1 31  2/5,  therefore,  B = 2 

b 


In  using  tne  table,  it  will  be  noted  that  some  row  entries 
under  3 have  two  numbers.  These  rows  are  to  be  used  for 
either  of  these  numbers.  Since  R = 1 in  the  example 
above,  the  entries  under  the  column  labeled  Cl  are  to  be 
used.  The  acceptability  of  the  system  in  this  example  is 
shown  by  the  symbol  at  the  intersection  of  row  A5-B2 
and  column  A5-Cf3,  as  shown  in  the  chart. 

Caution:  The  results  shown  in  the  chart  are  for  a long 
persistence  phosphor  (P38)  and  have  questionable  appli- 
cability for  phosphors  of  shorter  persistence  (Ref.  7,C). 


for  C,  ^ = 98  3/5,  therefore,  C = 3. 
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4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


SUBJECTIVE  ASSESSMENT  OF  DOT  INTERLACE  ORDERS 
FOR  5 1 LINE  INTERLACE  (il  R 2,  use  C,.  it  R 3,  use  C^l 
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REF.  7,  C 


Figure  4.2-11.  Subjective  Assessment  of  Dot  Interlace 
for  5:1  Line  Interlace  When  R = 2 or  R = 3 
A numerical  example  of  how  to  use  this  table  is  given 
below.  For  a complete  description  of  the  calculations,  see 
Figure  4.2-8.  The  system  used  for  this  example  has  493 
active  TV  lines,  a 5:1  interlace  ratio,  and  a 6:1  dot  inter- 
lace ratio,  and  a 60-Hz  field  rate,  and  a 4:3  aspect  ratio. 
Therefore: 

For  R:  ^ = 98  3/5;  therefore,  R = 3 


In  using  the  table  it  will  be  noted  that  some  row  entries 
under  B have  two  numbers.  These  rows  are  to  be  used  for 
either  of  these  numbers.  Since  R = 3 in  the  example 
above,  the  entries  under  the  column  labeled  C2  are  to  be 
used  The  acceptability  of  the  system  in  this  example  is 
shown  by  the  symbol  at  the  intersection  of  row  A6  B3 
and  column  A6-C2I,  as  shown  by  the  dotted  lines  in  the 
chart. 


Dots  per  line  = 4/3  x 493  = 657 


ForB:  ~ = 109  3/6;  therefore,  B = 3 
ForC:  ^ = 82  1/6;  therefore,  C = 1 


Caution:  The  results  shown  in  the  chart  are  for  a long 
persistence  phosphor  (P38)  and  have  questionable  appli- 
cability for  phosphors  of  shorter  persistence  (Ref.  7.C). 
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SECTION  4.2  CATHODE  RAY  TUBE  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION 


4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL,  AND  SCINTILLATION  (CONTINUED) 


SUBJECTIVE  ASSESSMENT  OF  DOT  INTERLACE  ORDERS 
FOR  7;1  LINE  INTERLACE  (i(  R = 2,  use  C,;  if  R = 5,  use  Cj) 
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REF.  7,C 


Figure  4.2-12.  Subjective  Assessment  of  Dot  Interlace 
for  7:1  Line  Interlace  When  R = 2 or  R = 5 
A numerical  example  of  how  to  use  this  table  is  given 
below.  For  a complete  description  of  the  calculations,  see 
Figure  4.2-8.  The  system  used  for  this  example  has  492 
active  TV  lines,  a 7:1  interlace  ratio,  and  5:1  dot  inter- 
lace ratio,  and  a 60-Ha  field  rate,  and  a 4:3  aspect  ratio. 
Therefore: 


For  R: 


~ = 70  2/7;  therefore,  R = 2 


Dots  per  line 
ForB; 


656 

5 


For  C: 


49-2 

5 


4/3  X 492  = 656 
131  1/5;  therefore,  B = 1 

98  2/5;  therefore,  C = 2 


In  using  the  table,  it  will  be  noted  that  some  row  entries 
under  B have  two  numbers.  These  rows  are  to  be  used  for 
either  of  these  numbers.  Since  R = 2 in  the  example 
above,  the  entries  under  the  column  labeled  C-)  are  to  be 
used.  The  acceptability  of  the  system  in  this  example  is 
shown  by  the  symbol  at  the  intersection  of  row  A5-81 
and  column  A5-Ct2  as  shown  in  the  chart. 

If  R had  been  equal  to  3 or  4,  the  chart  in  Figure  4.3-13 
would  have  been  used. 

Caution;  The  results  shown  in  the  chart  are  for  a long 
persistence  phosphor  (P38)  and  have  questionable  appli- 
cability for  phosphors  of  shorter  persistence  (Ref.  7.C). 
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4.2.1  LABORATORY  STUDIES  ON  CRT  FLICKER,  LINE  CRAWL  , AND  SCINTILLATION  (CONTINUED) 


SUBJECTIVE  ASSESSMENT  OF  DOT  INTERLACE  ORDERS 
FOR  7:1  LINE  INTERl/.CE  (if  R 3,  use  C,;  if  R 4,  use  Cjl 
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REF.7,  C 

Figure  4.2-13.  Subjective  Assessment  of  Dot  Interlace 
for  7:1  Line  Interlace  When  R = 3 or  R = 4 
A numerical  e-.smple  of  how  to  use  this  table  is  given 
*ielow.  For  a complete  description  of  the  calculations,  see 
• ;ure  4.2-8.  The  system  used  for  this  example  lias  493 
vt!  TV  lines,  a 7:1  interlace  ratio,  a 5:1  dot  interlace 
0,  and  a 60Hz  field  rate,  and  a 4:3  aspect  ratio. 
Therefore: 


For  R: 

493 

7 

Dots  per  line 

ForB: 

657 

5 

For  C: 

493 

5 

70  3/7,  therefore  R = 3 

4/3x493  = 657 
131  2/5;  therefore,  B = 2 

98  3/5;  therefore,  C = 3 


In  u»'ng  tha  table,  it  will  be  noted  that  some  row  entries 
uni  B have  two  numbers.  These  rows  are  to  be  used  for 
either  of  these  numbers.  Since  R = 3 in  the  example 
above,  the  entries  under  the  column  labeled  Ci  are  to  be 
used.  The  acceptability  of  the  system  in  this  example  is 
shown  by  the  symbol  at  the  intersection  of  row  A5-B2 
and  column  A5-Ci3,  as  shown  in  the  chart. 

Caution:  The  results  shown  in  the  chart  are  for  a long 
persistence  phosphor  (P38)  and  have  questionable  appli- 
cability for  phosphors  of  shorter  persistence  (Ref.  7,C). 
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SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


Ttie  data  presented  in  tliis  section  are  intended  to  help 
the  designer  or  purcl’user  of  electro-optical  imaging 
equipment  understand  the  effect  that  various  levels  of 
equipment  performance  has  on  the  quality  and  useful- 
ness of  the  imagery  which  is  produced.  To  this  end 
laboratory  data  on  interpreter  performance  and  image 
quality  arc  presented  here.  Unfortunately,  the  informa- 
tion is  fragmented  and  of  very  uneven  quality.  No  good 
body  of  experimental  data  exists  that  encompasses  the 
range  of  information  needed.  Even  with  the  data 
available,  it  is  frequently  impossible  to  relate,  with  any 
accuracy,  the  results  of  different  studies  on  the  same 
topic.  Whenever  possible,  the  reported  data  have  been 
put  in  common  units.  In  some  cases  this  was  impossible 
because  the  method  of  deriving  the  units  reported  was 
not  given  or  data  on  the  levels  of  one  or  more  basic 
operating  parameters  were  not  given.  For  these  reasons  it 
is  often  impossible  to  make  quantitative  comparisons 
among  the  studies;  however,  the  qualitative  comparisons, 
while  not  so  desirable  as  quantitative  ones,  can  provide 
insight  and  guidance  in  many  cases. 

Frequently,  the  data  have  been  collected  to  support 
real-time  reconnaisance  studies  and  involve  moving 


4.3.1  BANDWIDTH  AND  RESOLUTION 

These  two  topics  are  treated  together  because  of  their 
interdependence.  Interlace  and  quantizing  levels,  which 
also  are  closely  related  to  bandwidth  and  resolution,  are 
reported  separately  in  Section  4.3.4  to  simplify  the 
organization  of  the  material.  One  of  the  most  valuable 
observations  to  be  gained  from  the  data  presented  here  is 


imagery  and  higli  obliquity  angles.  The  results  of  several 
such  studies  have  been  included  because  they  augment 
areas  where  information  is  scarce. 

Some  of  ihe  studies  which  are  reported  are  from 
image-quality  research  conducted  by  the  broadcast 
television  industry,  where  the  goal  is  to  produce  picture 
quality  adequate  to  meet  the  needs  of  home  entertain- 
ment. Translating  from  such  a quality  base  to  informa- 
tion content  is  a suspect  procedure,  but  in  some 
instances  (where  no  other  data  are  available)  at  least 
trends,  and  perhaps  general  limits,  can  be  set.  Because 
reliance  on  the  results  of  only  one  study  could  be 
misleading,  a larger  number  of  studies  have  been 
included  on  some  topics  in  order  to  obtain  a more 
representative  range  of  results. 

For  each  topic,  the  data  obtained  from  some  measure  of 
objective  performance  using  CRT  imagery  are  presented 
first,  followed  by  data  from  subjective  CRT  image 
quality  studies.  Data  from  studies  using  transparencies 
made  on  line-scan  image  generators  are  presented  last. 
Data  acquired  under  low-light-level  conditions  have  not 
been  included. 


that  bandwidth  per  se  is  not  a good  single  factor  by 
which  the  potential  value  of  the  system  can  be  judged. 
The  performance  of  the  system  as  a whole  is  determined 
by  the  interaction  of  many  elements,  any  of  which  can 
Degrade  the  potential  advantages  of  increased 
bandwidth. 
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SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 

4.3.1  BANDWIDTH  AND  RESOLUTION  (CONTINUED) 


Figure  4.3-1.  Vehicle  Recognition  as  a Function  of  the 
Number  of  Scan  Lines  and  Visual  Angle  Subtended  on  a 
CRT  Display.  The  effect  on  target  recognition  perform- 
ance of  the  number  of  scan  lines  and  the  visual  angl'-  sub- 
tended on  a CRT  display  are  shown  in  these  graphs  (Kef. 
1,B). 

The  imagery  was  generated  on  the  CRT  by  a closed-circuit 
tele'  ision  camera  viewing  photographs  of  scale  models  of 
nine  different  types  of  military  vehicles.  For  the  data 
shown  in  Figure  4.3-1  (a),  the  photographs  were  side  views 
of  the  vehicles  against  a plain  background.  For  Figures 
4.3-1  (b)  and  4.3-1  (c),  the  views  were  60-degree  obliques 
(from  nadir).  In  Figure  4.3-1  (b),  the  vehicles  were  located 
against  a foliage  background  and  in  Figure  4.3-1  (c),  they 
were  located  against  a sandy  background. 

The  number  of  TV  lines  subtended  by  the  targets  was 
varied  by  changing  the  distance  from  the  TV  camera  to 
the  photograph.  (The  scale  also  changed  in  this  process.) 
The  visual  angle  subtended  by  the  target  was  changed  by 
changing  the  viewing  distance  to  the  display. 

For  each  set  of  data,  nine  combinations  of  visual  angle 
and  subtended  TV  lines  were  tested.  For  Figure  4.3-1  (a), 
these  were  3.7,  7.0,  and  10.8  lines  per  vehicle  and  4.4, 

6.0,  and  10.2  minutes  of  visual  angle.  For  Figures  4.3  1 (b) 
and  4.3-1  (c),  they  were  6,  10,  and  15  lines  per  vehicle  and 
6,  10,  and  14  minutes  of  visual  angle.  Highlight  luminance 
was  approximately  62  cd/m^  (18  f L)  for  Figure  4.3-1  (a) 
and  137  cd/m^  (40  fL)  for  Figures  4.3-1  (b)  and  4.3- 1(c). 
The  ambient  illurnination  on  the  face  of  the  CRT  was  less 
than  0.003  L/cm^  (3  fc).  The  display  contrast  ratio  and 
target-to-background  contrast  were  not  reported.  Nine 
subjects  participated  in  all  three  studies,  though  not  the 
same  nine  for  all  three.  Each  subject  made  one  observa- 
tion for  each  condition  of  line  and  visual  subtend  angle. 

A 525-line,  2:1  interlaced  closed-circuit  TV  was  used 
having  a bandwidth  of  10  Hz  to  10  MHz  and  a signal-to- 
noise  ratio  of  greater  than  30  dB.  A P4  phosphor  was  used 
in  the  monitor. 
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4.3.1  BANDWIDTH  AND  RESOLUTION  (CONTINUED) 
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Figure  4.3-2.  Comparison  of  Target. Racognition  Perform- 
ance on  Photographs  and  CRT  Displays.  The  top  line  in 
each  of  the  accompanying  graphs  represents  the  target 
recognition  performance  for  direct  viewing  of  photo- 
graphs of  nine  types  of  military  vehicles.  The  second  and 
third  lines  represent  performance  for  the  same  images 
when  displayed  on  a closed-circuit  television  system.  The 
legend  for  these  two  lines  refers  to  the  number  of  TV  lines 
subtended  by  the  target.  The  targets  were  viewed  against 
two  types  of  background— foliage  and  sandy.  The  per- 
formance was  poorer  for  the  sandy  background. 

The  table  shows  the  visual  angles  required  for  equal  target 
recognition  performance  for  both  direct  viewing  and  CRT 
display  types. 

The  final  column  shows  the  ratio  by  which  the  TV  image 
had  to  be  enlarged  over  the  photograph  in  order  to 
achieve  equivalent  performance  (Ref.  1,B). 

The  nine  subjects  were  the  same  ones  who  participated  in 
the  study  reported  in  Figure  4.3-1.  Details  of  the  experi- 
mental apparatus  can  be  found  in  the  discussion  of  Figure 
4.3- !. 
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SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.1  BANDWIDTH  AND  RESOLUTION  (CONTINUED) 


MODULATION  (C  1 
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Figure  4.3-3.  Search  with  Forwaid-Looking  Television. 
For  this  study,  a closed-circuit  television  camera  was 
moved  toward  a terrain  model  upon  which  were  located 
five  classes  of  targets-oil  storage  tanks,  bridges,  aircraft, 
and  two  types  of  buildings,  rectangular  (R)  and  L-shaped 
(L).  The  targets  were  located  at  different  distances  to  the 
right  and  left  of  the  fl'ghtoath;  they  also  differed  in  size 
between  the  classes  and  in  orier.'-*'-in  to  the  flightpath 
within  each  class.  The  camera  was  mou..  , - though  it 

were  pointing  for  -ird  from  the  r.ose  of  the  aii.  ft  The 
camera  motion  vnnulated  an  aircraft  in  a shallow  (IS- 
degree)  dive  moving  at  660  km/hr  (410  miles/hr'  Target: 
in  the  center  of  the  screen  were  seen  at  75-oeg,  : obliq- 
uity. The  observer  searched  the  display  reported  the 
location  of  each  target  he  found.  The  range  from  the  air- 
craft to  the  target  was  calculated  at  the  moment  he 
reported  sighting  the  target.  The  number  of  TV  lines  sub 
tended  by  each  target  was  counted  on  the  screen  for  five 
different  distances,  and  the  results  were  used  to  calculate 
the  number  of  TV  lines  subtended  by  each  target  at  inter- 
mediate distances. 

The  number  of  scanning  lines  per  target  and  tha  visual 
angles  were  reported  on  two  separate  graphs  in  the  origi- 
nal report.  In  combining  the  original  charts  for  presenta- 
tion here,  some  inaccuracies  must  be  assumed  (probably 
no  greater  than  5 percent).  Therefore,  the  visual  angles  are 
shown  as  approximate. 


The  observers  were  ten  employees  of  North  American 
Aviation,  Inc. 

The  display  was  a commercial  closed-circuit  television 
with  a rated  8-MHz  bandwidth  and  35-dB  signal  to-noise 
ratio  (method  of  measurement  not  specified).  Vertical 
resolution  was  measured  using  a fan-shaped  bar  target. 
Resolution  was  found  to  be  nonlinear  with  respect  to 
distance  from  the  target.  For  close  distances,  it  was 
approx' mately  a factor  of  2 worse  than  would  be  pre- 
dicted. The  authors  suggest  this  might  have  been  due  to 
tlie  fact  that  the  focus  was  fixed  at  1.07m  (3.5  ft)  while 
the  camera  moved  from  2.29m  (7.6  ft)  to  0.23m  (0.94  ft) 
in  simulating  the  flight.  The  luminance  of  the  display  was 
not  reported. 

The  target  contrasts  are  shown  in  part  (b)  of  this  figure. 
Plots  of  the  results  as  function  of  target  contrast  and 
orientation  failed  to  show  a relationship  between  these 
two  factors  and  the  results;  however,  the  location  of  the 
building  targets  was  found  to  affect  the  score. 

The  large  target  size  (15  to  60  arc  minutes)  needed 
for  identification  is,  in  the  opinion  of  the  authors,  an 
artifact  of  the  scanning  process.  It  is  their  opinion  that 
had  more  scanning  lines  subtended  the  targets,  as  with  a 
higher  resolution  system,  they  would  tiave  been  iccog- 
nized  at  smaller  visual  angles  (Ref.  2,C). 
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Figure  4.3-4.  Effect  of  Scan  Lines,  Image  Site,  and  Target  Orientation  on  TV  Aircraft  Identification,  (continued) 
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4.3.1  BANDWIDTH  AND  RESOLUTION  (CONTINUED) 


Figure  4.3-4.  Effect  of  Scan  Lines,  Image  Size,  and  Target 
Orientation  on  TV  Aircraft  Identification.  Still  photo- 
graphs of  seven  different  types  of  fighter  aircraft  taken  at 
three  different  orientations  were  presented  one  at  a time 
on  a closed-circuit  television  monitor.  The  subject's  task 
was  to  identify  which  of  the  seven  was  beirig  presented. 
The  three  orier.tations  consisted  of  a side  view,  a front 
view,  and  a high  oblique.  Target  size  in  terms  of  ''isual 
angle  was  changed  by  changing  the  viewing  distance  to  the 
display.  The  number  of  TV  lines  subtended  by  the  target 
was  counted  over  the  vertical  extent  of  its  image  on  the 
display  (Ref.  3,C). 

Part  (a)  of  this  figure  shows  the  percent  of  correct 
responses  averaged  over  all  aircraft  and  orientations.  It  is 
important  in  interpreting  this  figure  to  realize  that  per- 
formance varied  greatly  as  a function  of  aircraft  orienta- 
tion and  type.  Part  (b)  of  this  figure  shows  the  percent  of 
correct  responses  as  a function  of  these  two  variables.  The 
data  were  averaged  over  all  target  sizes  and  scan  line 
conditions. 


Parts  (c)  and  (d)  represent  the  differences  of  performance 
measured  in  this  study  as  a function  of  aircraft  type.  Parts 
(e)  and  (f|  show  similar  extremes  as  a function  of 
o'ientation. 


These  data  are  excellent  examples  of  the  critical  effect  the 
interpreter's  visual  task  has  or  his  performance  for  any 
given  set  of  equipment  capabilities. 


Fifteen  subjects  were  used;  14  were  pilots  and  1 was  a 
bombardier-navigator.  The  television,  system  used  was  a 
525-TV-line  system  with  a bandwidth  of  10  MHz.  It  used 
a 2:1  interlace  with  a 30-Hz  frame  rate  and  a 60-Hz  field 
rate.  The  signal-to  noise  ratio  was  greater  than  30  dB. 
Ambient  illumination  on  the  faceplate  of  the  CRT  was 
less  than  3.4  cd/m^  (1  fL).  Monitor  highlight  luminance 
was  600  cd/m^  (175  f L)  for  a target  luminance  of  approx- 
imately 342  cd/m^  (100  f L).  Target  contrasts  were  not 
reported. 
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4.3.1  BANDWIDTH  AND  RESOLUTION  (CONTINUED) 
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Figure  4.3-5.  Target  Recognition  as  a Function  of  Band- 
width and  Scan  Lines  for  CRT  Displays.  The  experi- 
mental apparatus  used  to  obtain  the  results  reported  in 
this  figure  was  also  used  to  gather  th-'  data  shown  in 
Figures  4.3-6  through  4.3-L"  and  Figures  4.3-21  through 
4.3-23.  The  elements  of  the  experimental  setup  that  are 
common  to  all  of  these  figures  wiP  be  described  here, 
along  with  the  features  unique  to  the  collection  of  the 
data  reported  in  this  figure.  Only  dissimilar  features  will 
be  reported  for  the  other  figures. 

All  of  the  studies  involved  the  use  of  television  for  real- 
time search.  The  imagery  was  presented  on  a black-and- 
white  television  monitor  mounted  in  a mockup  of  an  air- 
craft control  cabin.  The  imagery  was  first  collected  by  a 
35-mm  motion  picture  camera  moving  over  a terrain 
model  in  simulated  reconnaissance  flights,  and  the  film 
was  later  projected  into  a television  camera  to  provide 
imagery  for  the  test.  The  terrain  model  was  illuminated  to 
give  the  appiearance  of  daylight  conditions. 

The  target  set  consisted  of  a combined  total  of  63  targets 
and  navigation  check  points.  The  objects  themselves 
ranged  from  groups  of  tanks,  missile  transporters,  and 
fighter  aircraft  to  road  intersections,  groups  of  buildings, 
POL  storage  areas,  and  an  airfield.  Target  contrast  (C™) 
was  measured  on  the  model  and  ranged  from  0.09  to  0.60 
(for  a definition  of  Crp  see  Figure  3.1-11).  The  contrasts 
of  the  targets  on  the  TV  monitor  were  not  reported  nor 
was  the  angle  subtended  at  the  eye  for  the  targets  as  dis- 
played on  the  monitor  or  the  number  of  active  lines  they 
subtended. 

The  targets  were  presented  one  at  a time  and  the  subject 
was  informed  just  before  each  target  entered  the  field  of 
view,  but  he  was  not  told  the  nature  of  the  target  (Ref. 
4,C).  For  the  data  reported  in  this  figure,  three  TV-line 
conditions,  525,  729,  and  1029;  three  bandwidths,  4,  15, 
and  25  MHz;  and  two  obliquities,  14  degrees  and  51 
degrees  (measured  from  nadir)  were  studied.  For  the  51- 
degree  obliquity  condition,  the  525-TV-line  and  the 
4-MHz  conditions  were  not  oresented. 

Figure  4.3-5(a)  shows  the  results  for  the  bandwidths  when 
the  d.;ta  are  averaged  over  all  three  TV  line  numbers  and, 
in  conjunction  with  Figure  4.3-5  (b),  illustrates  that  band- 
width per  sc  is  not  a proper  measure  of  the  value  of  a line 
scan  system  for  target  recognition. 

Figure  4.3-5(b)  shows  the  results  in  terms  of  correct 
recognitions  for  the  4-MHz  and  15-MHz  conditions  as  a 
function  of  line  number.  Data  on  the  25-MHz  condition 
were  not  reported  because  these  "...  contributed  to  the 
overall  variance  but  did  not  add  much  resolution  to  the 
system  above  that  obtained  for  15  MHz  . . ." 

A slight  gain  in  performance  between  the  4-MHz  and  1 5- 
MHz  bandwidths  was  shown  for  the  1029-line  system.  The 
1029-line  system  also  showed  better  performance  than  the 
525-line  system  at  the  higher  bandwidth. 

Twenty-one  college  students  served  as  the  observers,  and 
their  performance  was  scored  in  the  following  way: 
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Percent  correct  recognitions  » 100 
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Percent  incorrect  recognitions  *=  100 
(Percent  errors  of  commission) 
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Number  of  assigned  targets  / 

(Number  of  incorrect  responses  \ 
Number  of  correct  antJ  incorrect/ 
reuponses 


candle  as  measured  with  the  illuminometer  was  associated 
with  luminances  of  between  82  and  92  cd/m^  (24  and  27 
fL)  (or  the  lightest  area  of  the  RETMA  Gray-Scale  Target 
(R'ef.  5). 

Ambient  illumination  in  the  cockpit  was  0.05  footcandle. 
The  viewing  distance  from  the  observer's  station  to  the 
display  was  not  reported. 


No  lumimnev  values  for  the  monitor  were  given  for  the 
conditions  under  which  these  data  were  collected.  A value 
of  "0.31  footcandle  of  luminance"  was  given  for  meas- 
urements taken  with  an  illuminometer  pointed  at  the 
monitor  from  the  observer's  station,  but  there  was  no  way 
to  relate  these  to  the  luminance  values  for  specific  areas  of 
the  monitor. 

However,  for  studies  run  under  slightly  different  condi- 
tions (Figure  4.3-34),  a ' luminance"  of  0.-30  to  0.31  foot- 


The  resolutions  shown  in  the  table  4.3-5(c)  differ  from 
those  reported  by  the  authors.  The  technique  given  in 
Figure  4.1-8  was  used  to  calculate  the  values  shown  here. 
The  monitor  was  rotated  90  degrees  so  the  conventions 
for  horizontal  and  vertical  resolution  are  reversed  from 
their  usual  orientations. 

The  RETMA  gray-scale  resolution  (Ref.  5)  was  that  shown 
for  the  curve  marked  "medium"  in  Figure  4.3-34.  The  SNR 
of  the  system  was  SS  dB.  The  method  of  calculating  the 
SNR  was  not  given. 


Figure  4.3-6.  Target  Recognition  as  a Function  of  Band- 
width and  TV  Lines  for  CRT  Displays.  The  data  used  to 
compile  the  figures  for  these  graphs  are  identical  vzith 
those  used  for  Figure  4.3-4.  It  is  p esented  as  a function 
of  the  number  of  TV  lines  per  fran  e rather  than  band- 
width as  in  the  previous  figure  in  order  to  help  clarify  the 
relationship  between  the  two.  All  of  the  experimental 
conditions  that  applied  to  the  data  o llection  for  Figure 
4.3-5  apply  to  this  figure  (Ref.  4,C).  ■ e method  of  calcu' 
lating  the  three  types  of  performance  as  also  the  same: 


Percent  correct  recognitions 


Percent  omitted  recogntions 
(Percent  errors  of  onission) 


■ Humrjct  u'  turret,!  v 


^ ^Number  of  assigned  targets 
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Figure  4.3-7.  Effect  of  Target  Size,  Bandwidth,  and  TV 
Lines  on  Target  Recognition  in  CRT  Displays.  The  data 
for  these  figures  were  taken  from  the  set  of  data  used  for 
Figures  4.3-5  and  4.3-6  (Ref.  4,C).  The  general  experi- 
mental conditions  are  described  in  Figure  4.3-5. 

The  performance  scores  on  13  of  the  largest  and  13  of  the 
smallest  targets  were  extracted  and  analyzed  to  determine 
the  percent  of  correct  detections  as  a function  of  the  sim- 
ulated range  to  the  target,  bandwidth,  and  number  of  TV 
lines  per  frame.  Only  the  729  and  1029  TV  lines  per 
frame  along  with  the  15-MHz  and  25-MHz  bandwidth 
conditions  were  used.  The  data  for  each  line  are  based  on 
78  observations  per  subject  (13  targets  x 6 trials)  for  each 
of  the  21  subjects. 


The  large  targets  were  either  groups  of  four  to  six  POL 
tanks  or  a large  construction  yard.  The  POL  tanks  were 
scaled  to  22m  in  diameter  by  12m  in  height  (75  ft  by  40 
ft).  The  construction  yard  was  305m  long  by  267m  wide 
(1000  by  875  ft). 

The  small  targets  ranged  from  a group  of  five  Army  tanks, 
each  scaled  to  6.7m  long,  3.6m  wide,  and  3.6m  high  (22 
by  12  by  12  ft)  to  a group  of  four  small  buildings,  each 
scaled  to  14.6m  long  by  9.1m  wide  by  4.6m  high  (48  by 
30  by  15  ,*). 

The  method  of  determining  slant  range  was; 


Slant  range  (feet) 


Shortest  distance  from  aircraft  to 
target  at  instant  of  correct  response. 
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Figure  4.3-8.  Effect  of  Target  Contrast,  Bandwidth,  and 
TV  Lines  on  Target  Recognition  in  CRT  Displays.  The 
data  for  these  figures  were  taken  from  the  set  of  data  used 
in  Figures  4.3-5  and  4.3-6.  The  general  experimental  con- 
ditions are  explained  in  Figure  4.3-5  (Ref.  4,C). 

The  performance  scores  on  15  high-contrast  targets  and 
15  low-contrast  targets  from  the  basic  set  of  63  targets 
were  extracted  to  determine  the  percent  of  correct  detec- 
tions as  a function  of  bandwidth  and  number  of  TV  lines 
per  frame.  Only  the  729  and  1029  TV  lines  per  frame 
along  with  the  15-IVIHz  and  25-MHz  bandwidth  conditions 
were  used.  The  data  for  each  line  in  the  graphs  are  based 


on  90  observations  per  subject  (15  targets  x 6 trials)  for 
each  of  the  21  subjects. 

The  high-contrast  targets  ranged  from  contrasts  (Cp^)  of 
0.25  to  0.60.  The  low-contrast  targets  ranged  from  0.02 
to  0.23,  and  1 1 of  the  15  targets  were  of  the  same  type  in 
each  set. 

i The  method  of  determining  slant  range  was: 

I Shortest  distance  from  aircraft  to 

jSfant  range  Ueetl  “ target  at  instant  of  correct  response, 
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Figure  4.3-9.  Relative  Target  Detection  Level  and 
Response  Time  as  a Function  of  the  Display  Resolution  in 
TV  Lines.  These  charts  summarize  the  results  of  three 
studies  on  the  effect  of  TV  resolution  on  target  detection 
for  ground-level  views  of  an  M-48  tank.  Two  performance 
measures  were  taken-correct  detections  and  the  time 
from  the  appearance  of  the  target  on  the  CRT  to  the  sub- 
ject's response  (response  time)  (Ref.  6,C|. 

Figures  4,3-9(a)  and  4.3-9(b)  show  two  sets  of  data  collec- 
ted for  the  same  conditions.  The  second  set  (Figure 
4.3-9(b)  represents  a replication  of  the  study  which  gave 
the  results  in  4.3-9(a). 

For  these  studies  the  vertical  resolution  of  the  system  was 
held  constant  as  the  horizontal  resolution  changed.  The 
results  from  both  indicated  significant  improvements  in 
performance  for  both  detections  and  response  time 
between  horizontal  resolutions  of  300  TV  lines  and  400 
TV  lines,  and  that  performance  improvements  in  terms  of 
time  or  correct  detections  were  not  significant  above  400 
lines. 

In  the  third  study  (Figure  4.3-8(c),  resolution  in  the  hori- 
zontal and  vertical  directions  was  equal,  and  significant 
improvement  in  both  performance  measures  was  found 
for  the  800  TV  line  condition. 

A 35.6-cm  (14-in)  monitor  was  used  for  the  studies 
reported  in  4.3-8(a)  and  4.3-8(b).  The  viewing  distance 
was  1.8m  (72  in)  from  which  the  targets  subtended  a 
visual  angle  of  18  arc  minutes.  Resolution  was  measured 
with  a RETMA  TV  test  pattern  (Ref.  5). 

Sixteen  observers  were  used  in  the  first  study  and  20  in 
the  replication.  Each  subject  had  10  trials  at  each  level  of 
resolution.  The  targets  were  presented  for  0 5 second. 

For  the  study  reported  in  Figure  4.3-8(c),  a 53-cm  (21-in) 
monitor  and  a 36-cm  (14-in)  monitor  were  used.  Thirty 
subjects  were  used  for  the  study.  Other  conditions  were 
the  same  as  in  the  other  two  studies.  (Ref.  6,C). 


4.3-11 


SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 
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Figure  4.3-10.  Time  to  Find  Targets  as  a Function  of 
Horizontal  Resolution  on  a Cathode  Ray  ' <be.  The  result; 
presented  here  were  obtained  in  a study  ii  hich  horizon- 
tal resolution  on  a CRT  was  varied  by  charit.nr  spot  size 
on  a 525-TV-line  closed-circuit  television  syste  i.  Three 
levels  of  horizontal  resolution  were  studied  by  nis 
method-200,  400,  and  550  TV  lines.  Vertical  resolution 
was  490  active  TV  lines.  The  increase  in  spot  size  should 
decrease  the  Kell  factor  and  reduce  the  effective  vertical 
resolution,  but  the  effects  were  not  reported. 

The  targets  were  models  of  Army  trucks,  tanks,  and  guns 
located  on  a terrain  model.  The  viewing  angle  ivas  70 
degrees  from  nadir.  Figure  4.3-10(a)  shows  the  suits 
obtained  for  12  subjects  who  were  permitted  a -second 
direct  view  of  the  target  before  seeing  it  on  the  ’ V moni- 
tors. Figure  4.3-10(b)  shows  the  results  for  10  s^ajects 
who  were  not  allowed  the  direct  view  and  who  ..'  d not  see 
the  smallest  scale  (see  below)  (Ref.  7,0. 

The  experiment  also  involved  changes  in  scale  and  con- 
trast ratio  (gray-scale  steps).  (See  Figures  4.3-1 1 through 
4.3-14  and  4.3-37  and  4.3-38).  Three  display  contrast 
ratios  were  used  as  measured  by  gray  scale  steps  on  the 
RETMA  log  gray  scale  (Ref.  5);  these  were  5,  7,  and  9 
shades.  Four  ranges  from  the  camera  to  the  model  were 
used,  which  resulted  in  image  scales  on  the  TV  camera 
pickup  of  1:1  *,400,  1:21,600,  1:28,800,  and  1:36,000. 

The  scale  displayed  on  the  monitor  cannot  be  determined 
because  the  ratio  of  the  size  of  the  image  in  the  camera  to 
the  size  of  the  display  was  not  specified.  The  display  was 
1 1.7  cm  long  by  8.9  cm  high  (4.6  in  by  3.5  in)  and  was 
viewed  from  a distance  of  60  cm  (25  in). 


4.3-12 


SECTION  4.3  DATA  FROW  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.1  BANDWIDTH  AND  RESOLUTION  (CONTI.  UEDI 


r 


(a)  SCAN  LINES  SUBTENDED  BY  TARGET  HEIGHT 


(b)  SCAN  LINES  SUBTENDED  BY  TARGET  HEIGHT 


Figure  4.3-11.  Time  to  Find  Targets  as  a Function  of 
Scale  at  Photosensor  and  Scan  Lines  Subtended  by  the  Tar- 
get. These  graphs  were  compiled  from  the  same  data  used 
for  Figure  4.3-10  but  they  were  analyzed  to  extract  the 
effect  of  scale.  The  data  were  reported  in  terms  of  simu- 
lated slant  range  in  the  original  report  and  have  been  con- 
verted for  presentation  here  into  scale  at  the  photosensor 
in  the  TV  camera.  Since  the  ratio  of  thr  scanned  dimen- 
sions on  the  photosensor  to  those  on  the  monitor  was  not 
reported,  the  display  scale  could  not  be  calculated.  For 
Figure  4.3-1 1 (a),  the  observers  were  allowed  a 5-second 
direct  view  of  the  target  just  before  viewing  it  on  the  mon- 
itor; in  Figure  4.3-1 1 (b),  no  direct  view  was  given.  In  addi- 
tion the  smallest  scale,  1 ;36,000,  was  not  presented  to  the 
second  group.  Since  the  view  of  the  target  was  a hig  i 
oblique,  the  author  reported  the  number  of  TV  lines  sub- 
tended by  the  height  dimension  of  the  targets  .hat  were 
military  vehicles  (Ref.  7,0. 

The  data  in  Figure  4.3-11  (a)  are  further  analyzed  in  terms 
of  horizontal  TV  resolution  in  Figure  4.3-13  and  in  terms 
of  display  contrast  ratio  in  Figure  4.3-38.  The  details  of 
the  study  are  reported  in  Figure  4.3-10. 
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Figure  4.3-12.  Time  to  Find  Targets  as  a Function  of 
Horizontal  Resolution,  Target  Scale  on  Photosensor, 
and  Lines  Subtended  by  the  Target.  This  graph  was 
compiled  from  the  same  data  presented  in  Figure  4.3- 
10(a),  with  the  effects  of  horizontal  TV  resolution  sepa- 
rated. A description  of  the  study  from  which  these  data 
were  obtained  can  be  found  in  Figure  4.3-10  (Ref.  7,C). 


Figure  4.3-13.  Probability  of  Target  Recognition  as  a 
Function  of  Image  Scale  on  the  Photosensor  and  Scan  Lines 
Subtended  by  the  Target.  The  experimental  conditions 
under  which  these  data  were  collected  are  described  in 
Figure  4.3-10.  The  imagery  scale  on  the  camera  photo- 
sensor is  used  here,  rather  than  the  imagery  scale  on  the 
display,  because  the  latter  was  not  reported.  The  lines 
subtended  by  the  target  height  were  reported  and  are 
meaningful  because  of  the  high  obliquity  of  the  imagery 
(Ref.  7,0. 


Figure  4.3-14.  Probability  of  Target  Recognition  e$  a 
Function  of  Hoiizontal  Resolution  on  Cathode  Ray 
Tubes.  The  results  shown  in  this  figure  can  be  interpreted 
as  giving  an  indication  of  the  relative  improvement  in  tar- 
get recognition  which  takes  place  as  a function  of  increas- 
ing CRT  resolution.  The  data  are  from  the  same  study  as 
was  reported  in  Figure  3.4-10.  The  technique  used  in  that 
study  was  to  degrade  hciizontal  resolution  by  increasing 
beam  size  while  keeping  the  number  of  TV  lines  per  frame 
constant  (525  in  this  case).  This  technique  must  be  con- 
sidered in  interpreting  these  results.  The  increase  of  spot 
size  undoubtedly  rsducei"'  the  actual  vertical  resolution  of 
the  display,  h-.-:  if  so,  it  w.  ■ not  reported  (Ref.  7,0. 
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Figure  4.3-15.  Vehicle  Classific-ition  and  Identification 
on  Line-Scan  Transparencies.  The  transparencies  used  in 
this  study  were  made  on  a I'ne-scan  printer  from  photo- 
graphs of  scale  mooels  of  military  vehicles  mounted  on  a 
plain  background.  The  vehicle  models  were  oriented  as 
shown  in  the  sketch,  witn  each  vehicle  subtending  the 
same  number  of  scan  lines  for  each  condition  studied.  The 
tests  were  run  at  4,  6,  9, 1 3.5,  20,  and  30  lines  per  vehicle. 
The  number  of  lines  was  adjusted  by  changing  the  enlarge- 
ment of  the  photograph  used  in  the  scanner.  The  scanner 
and  printer  operated  with  circular  spots  having  approxi- 
mately Gaussian  spread  function.  The  line  (raster)  spacing 
was  equal  to  the  half-amplitude  diameter  of  the  spot  (0.66 
mm,  0.26  in).  Two  separate  studies  were  conducted,  one 


with  nadir  photography  and  the  other  with  45-degree 
oblique  photography. 

Two  tasks  were  performed  in  each  study-identification 
and  recognition.  Identification  meant  putting  a vehicle  in 
the  proper  class;  four  classes  were  used,  tanks,  self- 
propelled  guns,  support  vehicles,  and  trucks.  Recognition 
meant  identifying  the  specific  model  of  the  vehicle.  To 
assist  in  both  tasks,  the  actual  models  used  in  the  photo- 
graphs were  on  display  during  the  test  and  the  subjects 
could  refer  to  them  at  any  time.  Neither  the  viewing  dis- 
tance, visual  angles  subtended  by  the  targets,  luminance, 
or  contrast  were  specified.  The  subjects  viewed  the  mate- 
rial on  light  tables  without  optical  aids,  in  well  illuminated 
rooms. 

The  authors  point  out  that  the  variability  of  performance 
must  be  taken  into  account  when  interpreting  the  results; 
for  instance,  at  13.5  lines  in  the  nadir  photograph,  part  (a) 
of  this  figure,  the  mean  score  for  identification  (all  vehic- 
les combined)  was  about  76  percent;  the  standard  devia- 
tion (6)  was  14.1  percent;  and  the  total  range  (not  shown) 
was  from  23  to  100  percent.  At  20  lines,  the  standard 
deviation  was  reduced  to  6.3  and  the  total  range  was  60 
percent  to  100  percent.  As  parts  (e)  and  (f)  of  this 
figure  show,  the  number  of  lines  required  was  strongly 
dependent  upon  the  type  of  vehicle.  For  identification, 
differences  between  the  mean  snores  for  the  different 
vehicles  (except  for  between  self-propelled  guns  and 
trucks)  were  statistically  significant  (p<.01);  for  classifica- 
tion differences,  the  differences  between  al!  vehicles  were 
significant  (p<.01)  (Ref.  8,B). 
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SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.1  BANDWIDTH  AND  RESOLUTION  (CONTINUED) 


Figure  4.3-16.  Detection  of  Military  Vehicles  on  Line- 
Scan  Transparencies  as  a Function  of  Ground  Resolution 
and  Stereoscopic  and  Monoscopic  Presentations.  Line- 
scan  transparencies  were  prepared  at  two  levels  of  ground 
distance  per  line  pair-0.4m  (17  in)  and  1.8m  (70  in).  The 
transparencies  were  generated  from  photographs  of  scale- 
model  military  vehicles  located  in  a terrain  model.  The 
photographs,  which  had  a scale  of  approximately  1:3000 
relative  to  real  targets,  were  scanned  by  a flyinr-spot  scan- 
ner whose  beam  size  was  varied  to  simulate  the  two  reso- 
lutions. The  signal  from  the  scanner  was  displayed  on  a 
CRT  and  photographed  to  obtain  the  test  transparencies. 
The  original,  unscanned  image  with  a simulated  resolution 
of  11  cm  (4  in)  per  line  pair  was  used  along  with  the  two 
scanned  images,  as  the  test  materiel  ( '.  9,C). 

Three  performance  measures  were  taken-target  detection, 
target  discrimination,  and  depth  discrimination.  For  the 
target  detection  task,  which  is  reported  in  this  figure,  the 
interpreter  searched  the  image  for  a specific,  known  type 
of  target  and  reported  its  location  on  a reference  grid. 

The  results  for  the  target  discrimination  task  are  reported 
in  Figure  4.3-16  and  the  stereo  discrimination  task  results 
are  given  in  Figure  4.3-17. 

The  performance  was  reported  in  units  at  cannot  be 
interpreted  as  representing  directly  the  percent  of  correct 
detections. 

There  was  no  significant  difference  between  performance 
on  the  stereoscopic  and  monoscopic  imagery  at  any  of  the 
levels;  however,  interpretation  of  the  stereoscopic  imagery 
was  reported  as  havir'g  taken  more  time. 

The  imagery  was  viewed  on  what  was  described  as  a low- 
wattage,  movable  light  table.  The  use  of  optical  aids  was 
not  reported  for  the  monoscopic  imagery,  nor  was  the 
viewing  distance.  The  stereo  imagery  was  viewed  through 
a Zeiss  Aerotype  pocket  stereoscope. 


Thirty  experienced  Pi's  were  used  as  subjects  and  each 
performed  under  a portion  of  the  task  and  imagery  condi- 
tions. The  presentation  of  the  entire  set  of  conditions  was 
balanced  over  the  aggregate  group  of  Pi’s. 
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4.3.1  BANDWIDTH  AND  RESOLUTION  (CONTINUED) 


Figure  4.3-17.  Discrimination  of  the  Orientation  or  Type 
of  Army  Vehicle  on  Line-Scan  Transparencies  as  a Func- 
tion of  Resolutirn  and  Monoscopic  or  Stereoscopic  Pres- 
entation. The  test  conditions  under  which  these  data 
were  gathered  are  described  in  Figure  4.3-15.  The  task  in 
this  case  was  to  distinguish  the  orientation  or  type  of  mili- 
tary vehicle  located  in  a designated  area  of  the 
transparency. 

There  was  no  difference  in  performance  between  the  mon- 
oscopic  and  stereoscopic  presentations;  however,  the 
interpretation  of  the  stereoscopic  imagery  was  reported  to 
have  taken  more  time  (Ref.  9,0. 
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SECTION  4,3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.1  BANDWIDTH  AND  RESOLUTION  (CONTINUED! 


Figure  4.3-18.  Height  Discrimination  in  Stereoscopic  and 
Nionoscopic  Line-Scan  (magery.  The  test  conditions 
under  which  these  data  were  collected  are  described  in 
Figure  4.3-15  (Ref.  9,0.  The  task  in  this  case  was  to  dis- 
criminate the  relative  heights  of  objects;  i.e.,  to  determine 
which  object  was  highest  in  a group  of  similar  objects. 
(Objects  with  obvious  height  relationships,  such  as  a truck 
versus  a ca^,  were  excluded.) 

There  are  numerous  nonstereo  cues  to  height,  particularly 
in  imagery  containing  some  obliquity  (as  is  neces'iiv  in 
the  area  being  viewed  for  at  least  one  member  of  a S'ereo 
pair).  Obliquity  cues  to  height  are  present,  to  some 
extent,  in  all  areas  of  vertical  photograpny  except  for  a 
small  a-ea  around  the  primipal  ray. 

Figure  5.1-14  shows  the  results  of  a systematic  siudy  cf 
height  detection  m monoscopic  and  stereoscopic  imagery 
for  conventional  pi'otographic  systems. 

The  results  shown  here  suggest  that  there  is  an  interaction 
between  ground  resolution,  the  effects  of  scanning,  and  the 
usefulness  of  stereo  for  height  determination. 

Since  neither  the  convergence  angle  for  the  stereo  pairs 
nor  the  exact  nature  of  the  set  of  objects  used  in  the  tests 
were  reported,  it  is  unwise  to  speculate  on  the  ground 
resolution  at  which  this  might  happen  in  a specific  system. 
The  data  do,  however,  indicate  that  the  advantage  of 
stereo  declines  with  increasing  resolved  ground  distance  in 
line-scan  systems.  It  is  possible  that  interference  from  the 
line  structure  in  the  imagery  makes  the  perception  of 
stereo  difficult. 

It  is  also  necessary  to  keep  in  mind  that  the  11 -cm  (4-in) 
ground  resolution  imagery  was  r.ot  scanned. 
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SECTION  4.3  DATA  FROM 


LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.2  INTERLACE  AND  BANDWIDTH  RECIUIRE  MENTS 

The  theoretical  improvement  in  resolution,  or  reduction 
in  bandwidth,  which  is  predicted  to  follow  from  higher 
interlace  orders,  is  se'dom  realized.  The  stag,eered  line 
and  dot-line  interlace  techniques  reported  in  Section  4.2 
achieve  much  of  the  advantage  up  to  orders  of  5:1.  but 
usually  at  the  expense  of  using  long-persistence  phos- 


phors that  preclude  the  viewing  of  any  moving  objects. 
The  studies  on  2;1  interlace  reported  here  that  use  a 
sliort-persistence  phosphor  indicate  a savings  of  6 per- 
cent to  36  percent  in  bandwidth  can  be  expected  if 
images  of  equal  judged  quality  are  to  be  presented. 
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4.3.2  INTERLACE  AND  BANDWIDTH  REQUIREMENTS  (CONTINUED) 
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Figure  4.3-19.  Effect  of  2:1  Interlace  on  Judged  Image 
Quality.  A paired  comparison  test  was  conducted  to  com- 
pare the  image  quality  of  interlaced  and  noninterlaced  TV 
pictures  (Ref.  10,0.  The  conditions  compared  are  shown 
in  the  table  (parte).  The  bandwidths  were  adjusted  to 
provide  approximately  equal  horizontal  and  vertical  reso- 
lution for  each  case.  Each  condition  was  presented  at  two 
display  contrast  ratios-17.2:1  with  a highlight  brightness 
of  200  cd/m‘  (60  f L)  and  27.4;  1 with  a highlight  bright- 
ness of  140  cd/m^  (40  fL). 


The  results  are  presented  in  terms  of  the  percentage  of 
times  a noninterlaced  picture  of  a given  line  number  was 
judged  better  than  the  225-TV-line  interlaced  picture 
(part  (a)  of  this  figure).  For  instance,  for  the  17.2:1  con- 
trast ratio  images,  the  160-TV-line  noninterlaced  picture 
was  chosen,  over  tl-^e  225-line  interlaced  picture  29  percent 
of  the  time  and  the  27.4:1  contrast  ratio  image  8 percent 
of  the  time. 

• 

By  finding  the  intersection  of  the  50-percent  choice  line 
and  the  lines  for  each  contrast  ratio,  the  number  of  non- 
interlaced TV  lines  that  would  give  a picture  judged  as 
having  equal  quality  to  the  interlaced  picture  can  be  deter- 
mined. These  values  are  173  TV  lines  for  the  17.2:1  case 
and  183  TV  lines  for  the  27.4:1  case.  The  bandwidth 
requirements  would  be,  respectively,  1.18  and  1.67  times 
the  bandwidth  for  the  225-TV-line  interlaced  system.  The 
relative  bandwidth  requirements  as  a function  of  either 
the  number  of  noninterlaced  TV  lines,  or  the  ratio  of 
these  lines  to  a 2:1  interlaced  system,  are  shown  at  the 
top  of  the  graph  in  part  (a). 

The  effect  of  the  spot  size  on  detail  contrast  should  be 
considered  in  interpreting  these  results.  The  visual  effect 
of  these  overlaps  is  shown  in  parts  (b)  and  (c).  Part  (b) 
represents  the  interlaced  condition  and  part  (c)  the  non- 
interlaced conditions. 
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4.3.2  INTERLACE  AND  BANDWIDTH  REQUIREMENTS  (CONTINUED) 


The  line  spacings  for  the  two  interlace  conditions  were 
chosen  from  a previous  unpublished  study  by  the  same 
author  as  those  judged  best  for  the  two  conditions.  Their 
differential  effect  on  detailed  contract  rendition  in  the 
vertical  direction  can  be  seen  in  the  figures.  The  dashed 
lines  show  the  individual  line  luminances  and  spread  func- 
tions for  arbitrary  input  signals.  Because  tne  integration 
time  of  the  eye  is  longer  than  the  time  between  fields 
(frames  for  the  noninterlaced  condition),  the  brightness  of 
the  overlapping  areas  is  summed  (see  Figure  4.4-1  for 
additional  discussion).  The  visual  response  is  shown  by  the 
solid  line.  Whereas  significant  contrast  reduction  between 
adjacent  lines  takes  place  in  both  4.3-19(b)  and  in 
4.3-19(c),  it  is  seen  that  a 2:1  change  in  input  signal  (100 
units  to  50  units),  which  represents  a contrast  (C^)  of 


0.33,  is  virtually  eliminated  by  the  spot  overlap  caused  by 
the  I.IBoline  spacing.  (See  Figure  3.1-10  for  a definition 
of  C„.)  This  will  give  the  visual  effect  of  a smoother, 
more  blurred  image. 

The  piv-tures  useo  in  this  study  were  head  and  shoulder 
views  of  young  women  presented  on  a 12.7  cm  by  12.7 
cm  (5  in  by  5 in)  raster. 

For  the  17.2:1  contrast  ratio  condition,  16  observers  who 
were  inexperienced  in  making  image  quality  judgments 
each  made  three  judgments  for  eve^y  nonir;terlace  condi- 
tion. For  the  27.4: 1 contrast  ratio,  1 5 similar  observers 
followed  the  same  test  plan. 
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SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.2  INTERLACE  AND  BANDWIDTH  REOUIREPyiENTS  (CONTINUED) 
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Figure  4.3-20.  The  Effect  of  Spot  Wobble  on  the  Judged  Quality  of  CRT  Images  (Continued) 
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4.3.2  INTERLACE  AND  BANDWIDTH  REQUIREMENTS  (CONTINUED) 
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Figure  4.3-20.  The  Effect  of  Spot  Wobbie  on  the  Judged 
Quality  of  CRT  Images.  When  the  scan  lines  of  a CRT  are 
separated  so  the  line  structure  becomes  distinct,  spot 
wohblv  has  a significant  positive  effect  on  judged  image 
quality.  Spot  wobble  is  the  technique  of  rapidly  moving 
the  scanning  beam  up  and  down  a short  distance  as  it 
scans  each  line;  this  procedure  is  illustrated  in  part  (b). 

To  determine  the  effects  of  soot  wobble,  four  nor\nter- 
laced  systems  of  135,  162,  189,  and  225  TV  lines  were 
compared  with  a 225r-TV-line  2;  1 interlaced  system 
using  the  paired  comparisons  technique.  The  spot 
wobble  was  generated  by  a 7.1 -MHz  sine  wave  super- 
imposed on  the  line  scan.  The  number  of  "wobbles" 
per  line  varied  with  the  TV  line  number  as  follows: 


Number  of  "Wobbles"  per  Scan  Line 


TV  Line  Number 

Noninterlaced 

Interlaced 

225 

186 

93 

189 

111 

162 

129 

135 

155 

The  result  is  that  the  areas  between  the  lines  tend  to  "fill 
in,"  which  presents  a more  pleasing  image. 

The  images  that  were  presented  on  the  monitor  are 
described  in  Figure  4.3-19,  and  the  results  were  analyzed 
in  the  same  way  for  this  figure. 

The  lines  on  the  graph  in  (a)  show  the  percentage  of  the 
time  the  noninterlaced  picture  was  judged  to  be  better 
than  the  interlaced  picture.  At  the  50-percent  level,  the 
pictures  were  considered  equal,  each  being  chosen  half 
of  the  time. 


For  the  condition  with  no  spot  wobble  the  50-percent 
level  foi  the  noninterlaced  picture  was  165  TV  lines.  With 
spot  wobble,  it  was  157  TV  lines  (Ref.  10,0. 

A noninterlaced  system  of  approximately  159  TV  lines 
has  a bandwidth  equal  to  a 225-TV-line  system  using  a 2;  1 
interlace.  This  study  indicated  that  with  spot  wobble  a 
noninterlaced  system  of  157  TV  lines  had  judged  image 
quality  equivalent  to  the  225-line  2:1  interlaced  system, 
suggesting  a minor  bandwidth  saving  for  the  noninterlaced 
condition,  contrary  to  normal  expectation.  However,  a 
statistical  test  indicated  that  no  difference  could  reliably 
be  inferred.  It  appears  that  interlacing  provides  no  band- 
width saving  for  the  conditions  of  this  test. 

The  effects  of  the  line  spacing  must  be  considered  in  inter- 
preting these  results.  Line  spacing  varied  from  7.1a  for  the 
225-line  condition  to  1 1.8a  for  the  135-line  condition. 
This  meant  that  there  was  effectively  no  overlap  of  lumi- 
nance between  the  lines.  (The  luminance  profiles  for  the 
225-line  system  and  the  135-line  system  are  shown  in 
part  (c).)  This  large  separation  would  produce  a line 
structure  in  the  image  which  was  much  more  pronounced 
than  that  seen  in  systems  having  a more  normal  overlap. 
1.18a  is  used  for  the  2:1  interlace  condition  in  Figure 
4.3-19,  for  instance,  which  gives  an  overlap  at  the  50- 
percent  brightness  level  and  produces  a much  "smoother" 
appearing  image.  With  the  large  brightness  overlap  be- 
tween lines  that  occurs  at  the  1.18a  line  separation,  it  is 
probable  that  further  spread  by  using  spot  wobble  would 
degrade  the  image  significantly. 
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4.3- 3  SiGNAL-raNOISE  RATIO 

The  data  on  signai-lo-noisc  ratios  (SNR)  show  that,  at 
the  threshold  of  visual  detection,  signals  can  be  seen  at 
SNR’s  in  the  neiglthorhood  of  0.01  (Figures  4.3-27  and 

4.3- 2K)  and  titat  PI  performance  in  terms  of  both  target 
identification  and  search  time  still  appear  to  be  improv- 
ing at  SNR's  of  37  (Figures  4.3-21  through  4.3-23). 

The  bandwidth  and  spectral  distribution  of  the  noise 
strongly  influence  the  effect  it  has  on  visual  perform- 
ance. Noise  is  most  disruptive  in  narrow  bands  centered 
on  the  frequency  of  the  target, 

(Figures  4.3-2f>  and  4.3-27). 

At  equal  energies,  narrow  bands  ol  high-lrequcncy  noise 
appear  more  disruptive  than  cquivaient  bands  ot  low- 
frequency  noise  for  sine  wave  target  detection  when 
single  frequencies  are  displayed  at  a time  (Figure  4.3--6). 
However,  in  judgements  of  general  picture  quality  for 
home  cniertainment  purposes,  narrow-band  low  fre- 
quency noisesappears  most  troublesome  (Figure  4.3-32). 


Wlien  narrow-band  noises  and  wide-band  noises  of 
equal  energy  are  compared,  the  narrow-band  noise  is 
found  more  disruptive  (Figure  4.3-27). 

The  spectral  distribution  of  the  noise  is  important  in 
determining  its  effect  on  visual  perception.  Frequency- 
dependent  weighting  functions  imposed  by  transmission 
systems  or  coaxial  cables  affect  the  judged  quality  of  the 
displayed  image  by  reducing  the  higlt-ftcqucncy  compo- 
nents {Figures  4,3-31  and  4.3-32). 

Tire  commonly  accepted  method  of  calculating  signal- 
to-noise  ratio  for  TV  systems  is; 

Pcak-to-peak  signal  (volts) 

SNRdB  = 20  log  -„,„mseYv':;i^^ 

For  line-scan  transparencies,  the  influence  of  s'gnal-to- 
rmise  ratio  was  found  to  be  more  pronounced  for  a 
difficult  identification  task  than  for  a.i  easy  one  (Figure 

4,3-33). 
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4.3.3  SIGNAL-TO  NOISE  R.ATIO  (CONTINUED) 
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Figure  4.3-21.  Target  Rocognition  as  a Function  of  Sigiial- 
to-Noise  Ratio.  The  experimental  apparatus  and  imagery 
used  in  this  study  were  the  same  as  that  described  in  Fig- 
ure 4.3-5  (Ref.  4,0;  a detailed  description  can  be  found 
there.  A subset  of  48  targets  out  of  the  original  63  targets 
was  used.  A combination  of  15-MHz  bandwidth  and  729 
TV  lines  was  used.  Four  signal-to-noise  ratios  were 
studied:  1 dB,  7 dB,  16  dB,  and  37.6  dB.  Methods  of 
SNR  measurement  and  calculation  were  not  reported. 

The  obliquity  of  the  imagery  was  7 degrees  (measured 
from  nadir).  l-(jghlight  luminance  on  the  display  ranged 
from  86  cd/m*-  to  cd/m^  (25  fL  to  340  f L).  Low  light 
luminance  ranged  from  1.7  cd/rn^  to  41 1 cd/m^  (0.5  fL 
to  '20  fL).  High  light  luminance  and  dark  area  luminance  - 
were  measured  for  the  brightest  and  darkest  steps  of  the 
RETMA  Linear  Gray-Scale  chart  (P.ef.  5). 

Viewing  distance,  target  visual  angles,  and  scan  lines  per 
target  were  not  reported. 


The  graph  in  this  figure  shows  the  performance  as  a func- 
tion of  signal-to-noise  ratio  averaged  across  all  three  con- 
trast ratio  and  image  enhancement  conditions.  Three 
measures  of  performance  are  shown— the  percent  of  cor- 
rect target  identification,  the  percent  of  errors  of  omis- 
sion, and  the  percent  of  errors  of  commission.  The 
method  of  calculating  the  values  for  the  performance 
measures  was; 


Percent  correct  recognitions  » 

Percent  omitted  recognitions  ■ 
IPercent  errors  of  omission) 

Percent  incorrect  reci.-nitions  • 
(Psrcent  errors  of  coniriission) 


Number  of  correct  responses 
Number  of  assigned  targets 

Number  of  omitted  responses 
Number  of  assigned  targets 

Number  of  incorlect  responsei 
Number  of  correct  and  Incorre 
responses 


100 


100 


Performance  at  16  c *,  as  measured  by  correct  recogni- 
tions and  errors  of  o..  'ssion,  reached  a level  where  further 
improvement  is  difficu.t  to  achieve.  The  37.6-dB  level, 
however,  did  show  some  improvement  over  the  16-dB 
level.  Twelve  college  students  served  as  subjects.  The  data 
at  each  point  on  the  curve  for  percent  correct  identifica- 
tions represent  144  observations  (12  each  for  the  12 
subjects). 


Additional  analyses  of  these  data  are  given  in  Figures 
4.3-22  through  4.3-23  in  terms  of  the  time  taken  to  recog- 
nize the  targets  as  a function  of  SNR,  target  size,  and  tar- 
get contrast. 
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Fisure  4.3-22.  Time  to  Recognize  Targets  as  a Function 
of  Signal-to-Noise  Ratio  and  Target  Size.  These  charts 
show  the  results  of  a further  analysis  of  the  data  given  in 
Figure  4.3-20  for  20  of  the  40  targets  used  for  that  figure 
(10  large  and  10  small  targets).  The  20  targets  are  similar 
to  those  described  in  Figure  4.3-7.  The  performance 
measure  analyzed  was  the  time  taken  to  recognize  the 
target  after  it  came  into  the  field  of  view  (recognition 
latency).  The  values  given  on  the  chart  were  defined 
as  follows; 

Duration  from  instant 

Recognition  latency  (seconds)  = target  enters  FOV  *o 

instant  of  correct 
response 

Each  curve  v*  . ,0  responses  (Ref.  4,0. 
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Figure  4.3-23.  Target  Recognition  Time  a$  .i  Function  of 
Signal-to-Noise  Ratio  and  Target  Contrast.  These  charts 
show  the  results  of  a further  analysis  of  the  d ita  given  in 
Figure  4.3-21  for  24  of  the  48  targets  used  foi  that  figure 
(12  low-contrast  targets  and  12  high-contrast  targets).  The 
24  targets  are  similar  to  those  described  in  Figure  4.3-8. 

The  p".  ormance  measure  analyzed  was  the  time  taken  to 
recognize  a target  after  it  had  come  into  the  field  of  view 
(recognition  latency). 

The  values  given  on  the  chart  were  defined  as  follows; 

Duration  from  instant 
target  enters  FOV  to 

_ , . instant  of  coir'.ct 

Recognition  latency  (seconds)  = 

response 

Each  curve  was  based  on  108  responses  (9  each  from  each 
of  the  12  observers)  (Ref.  4,0. 


Figure  4.3-24.  Effect  of  Noise  on  the  Recognition  of 
Targets  Displayed  on  Cathode  Ray  Tubes.  The  results 
shown  in  this  figure  (Ref.  11,0  were  obtained  from  a tele- 
vision presentation  from  previously  obtained  35-mm  film 
sequences  simulating  an  aerial  reconnaissance  mission  over 
a terrain  model  (see  Figure  4.3-5  for  a general  description 
of  the  imagery  preparation  and  target  types  (Ref.  4,0. 

One  target  was  presented  at  a time  and  was  in  the  field  of 
view  of  the  monitor  for  approximately  45  seconds.  The 
subjects  knew  the  order  in  which  the  targets  were  to 
appear  and  were  given  a photo  of  each  to  use  during  the 
test.  They  were  informed  when  one  target  had  passed 
from  the  field  of  view  so  they  could  start  searching  for  the 
next.  The  raster  was  divided  into  quarters  and  a response 
was  scored  correct  if  the  observer  reported  the  location  of 
the  target  within  the  correct  quarter  of  a frame.  It  was 
scored  incorrect  if  the  wrong  quarter  of  the  frame  was 
designated  or  the  target  was  out  of  the  field  of  view  when 
the  report  was  given.  If  the  target  was  missed,  a "no 
response"  score  was  given. 

The  data  were  reported  in  terms  of  rms  noise  volts.  Since 
the  peak  video  signal  was  not  given,  it  was  not  possible  to 
calculate  the  SNR.  For  the  purposes  of  illustrating  the 
results,  the  SNR  has  simply  been  illustrated  as  varying 
inversely  with  the  rms  noise  voltage.  A 43-cm  (17-in) 
monitor  was  used,  and  the  viewing  dist?nce  was  1 meter 
(40  in).  Target  size  and  contrast  on  the  monitor  and  moni- 
tor luminance  values  were  not  reported. 

Ambient  illumination  was  low,  but  not  specifically 
reported. 


Eleven  subjects  were  used;  each  made  one  observation  for 
each  target  at  each  SNR. 
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Figure  4.3-25.  Effect  of  Noise  Level  and  Noise  Bandwidth  on  the  Detection  of  Tri-Bar  Target  Elements 
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Figure  4.3-25.  Effect  of  Noise  Level  and  Noise  Band- 
width on  the  Detection  of  Tri-Bar  Target  Elements.  These 
three  graphs  show  the  effect  of  noise  ievel  and  noise  band- 
width on  the  detection  of  the  target  elements  in  a square 
wave  tri-bar  target  displayed  on  a CRT.  Each  curve  gives 
the  contrast  (Cm>  of  the  target  on  the  display  that  was 
necessary  to  just  permit  perception  of  the  three  separate 
bars.  The  bars  were  displayed  perpendicularly  to  the  raster 
lines.  The  three  graphs  represent  three  different  noise 
bandwidths.  For  4.3-25(a)  the  bandwidth  was  0 to  5 MHz; 
for  (b)  it  was  1 .9  MHz  to  5.0  MHz;  and  for  (c)  it  was  3.6 
MHz  to  5.0  MHz.  The  relatirnship  of  these  bandwidths  to 
the  calculated  target  frequencies  is  given  in  (d).  A 6.6-cm 
(17-in)  diagonal  CRT  was  used  in  the  study,  a 4.C-cm 
(12.5-in)  raster  width  was  assumed.  The  calculations  to 
determine  the  bandwidth  followed  the  model  given  in 
Figure  4.4-12. 

The  signal  for  the  display  was  generated  by  a TV  camera 
viewing  specially  prepared  target  material  developed  from 
the  Air  Force  tri-bar  target  (Ref.  11,C).  The  target  material 
consisted  of  single  tri-bar  elements  from  that  target  pre- 
pared in  a number  of  spatial  frequencies  and  contrasts. 

The  observer's  task  was  to  report  the  noise  level  at  which 
the  bar  structure  of  the  target  became  v’  ible. 

Table  4.3-25(e)  shows  that  the  noise  voltage  at  which  the 
bar  structure  of  the  target  remained  visible  increased  71 


percent  for  the  2-TV-line/mm,  0.6-contrast  (Cpp)  target 
when  the  lower  end  of  the  noise  bandwidth  was  elimi- 
nated; for  the  8-TV-line/mm  target,  the  increase  was  24 
percent.  Further  reduction  in  bandwidth  (part  (c))  had 
little  effect  on  the  higher  contrasts  of  the  2-TV-line/mm 
target,  but  the  noise  level  for  the  8-TV-line/mm  target  is 
increased  59  percent  over  what  it  was  in  part  (a).  The  15- 
and  20.6-TV-line/mm  targets,  -.'.'hich  lie  outside  the  band- 
width of  the  noise  for  all  three  graphs,  remain  substantially 
unchanged. 

It  is  important  to  note  that  the  lower  contrast  (C^p) 
2-TV-line/mm  targets  continued  to  improve  with  reduced 
bandwidth,  indicating  that  these  are  more  sensitive  to 
noise  than  their  higher  contrast  equivalents. 

The  bandwidth  and  TV-line  rating  of  the  system  could  be 
set  to  several  levels;  8 MHz  with  a 2:1  interlaced  525-TV- 
line  format  was  used  for  the  data  shown  here.  Tlie  display 
was  a 43-cm  (17-in)  CRT  with  a P4  phosphor.  The  tumi 
nance  level  for  a "nearly  white  bar"  was  between  61.7  and 
63.3  cd/m2  (18  and  18.5  fL).  The  noise  levels  were 
reported  in  root-mean-square  millivolts  (mVi-^pj);  lack  of 
information  on  the  peak  signal  strength  precludes  calcula- 
tion of  the  SNR's. 


4.3-30 


F 


THRESHOLD  SIGNAL  WITH  NOISE 
THRESHOLD  SIGNAL  WITHOUT  NOISE 


SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.3  SIGNAL  TO-NOISE  RATIO  (CONTINUED) 


Figure  4.3-26.  Effect  of  Narrow-Band  Noise  on  Sine-Wave 
Target  Visibility  as  a Function  of  the  Median  Frequency 
of  the  Noise  for  a CRT  Display.  The  effect  of  narrow- 
band  noise  on  the  visiblity  of  sine-wave  targets  displayed 
on  CRT's  is  strongly  dependent  upon  the  relationship 

the  median  frequency  of  the  noise  and  the  spatial 
fre,;-'- --L/  of  the  target.  The  median  frequency  is  that 
ficq-ency  which  is  halfway  between  the  highest  and  low- 
est frequency  of  the  noise;  it  is  also  sometimes  referred  to 
as  the  center  frequency. 

Tests  were  conducted  using  four  while  noise  sources  with 
200-kHz  uandwidths  having  median  frequencies  of  0.096 
MHz,  0.5  MHz,  1.5  MHz,  and  2.5  MHz.  These  frequencies 
corresponded  to  spatial  frequencies  of  0.64,  3.3,  6.7  and 
10  cycles  per  degree,  respectively.  The  effect  of  this  noise 
on  sine-wave  target  visibility  was  measured  (12,6). 

The  performance  measured  was  the  ability  to  detect  the 
"bar"  structure  in  the  sine-wave  targets.  The  noise  level 
was  held  constant  (1  Vrms),  and  the  resuits  were  reported 
in  terms  of  the  ratio  tne  rms  signal  strength  required  for 
detection  with  and  without  noise.  With  the  exception 
of  the  target  with  the  lowest  spatial  frequency,  the 
disruption  caused  by  the  presence  of  the  noise  is  greatest 
when  the  median  signal  frequency  of  the  noise  is  at  or 
near  the  signal  frequency  of  the  target. 

Neither  the  luminance  of  the  target  surround  nor  the  aver- 
age luminance  of  the  target  was  reported. 

The  system  used  to  generate  and  display  the  signals  had  a 
8.5-MHz  bandwidth.  The  viewing  distance  was  1.8m  (71 
in),  and  six  subjects  were  used.  The  number  of  observa- 
tions per  subject  was  not  reported. 
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Figure  4.3-27.  Effect  of  the  Distribution  of  Signal 
cirength  and  the  Bandwidth  of  Noise  on  Defection 
Thresholds  for  Sine-Wave  Targets.  The  signal-'o  noise 
ratios  at  which  the  "bar"  structure  in  sine-wavt  targets 
was  just  detectable  were  determined  for  five  noise  condi- 
tions over  target  spatial  frequencies  ranging  from  0.2  to 
20  cycles, degree.  In  addition  to  the  noise  inherent  in  the 
system  and  broad-band  (0  to  5 MH?)  white  noise,  three 
noise  sources  with  a 1/f  signal-strength  distribution  were 
tested.  The  characteristics  of  these  distributions  and  the 
cutoff  frequencies  for  each  are  given  in  Figure  4.3-27(a) 
(Ref.  12, B).  The  effects  of  each  of  these  three  noise  distri- 
butions and  two  others-a  0 to  5 MHi  while  noise  distri- 
bution and  the  inherent  noise  of  the  system-were 
studied.  The  results  are  shown  in  part  (b)  of  this  figure. 
The  signal  voltage  values  for  curves  A through  D were 
converted  to  signal-to-noise  ratios  and  are  shown  on  the 
right-hand  vertical  scale.  These  values  do  not  apply  tc 
Ci  ve  E,  for  which  no  rms  voltage  value  of  the  noise  was 
reported.  K .r  the  other  curves,  the  noise  had  an  rms  value 
of  1 volt. 

The  results  for  the  s,:udy  reported  here  indicate  that  for 
the  1/f  distributions,  as  more  energy  becomes  concen- 
trated in  the  higher  noise  frequencies,  it  disrupts  the  visi- 
bility of  targets  whose  signal  frequencies  lie  near  the 
median  frequency  of  the  noise. 

Six  subjects  participated  in  the  tests;  "several"  repetitions 
of  the  observations  by  each  subject  were  made.  The  abso- 
lute luminance  values  and  their  modulations  on  the  dis- 
play were  not  reported  for  this  test,  but  the  average  lumi- 
nance value  was  kept  constant  throughout  the  test.  The 
sine-wave  signals  and  the  noise  were  generated  electroni- 
cally and  displayed  on  a CRT.  The  "luminance"  of  the 
testroom  was  reported  as  "much  less"  than  that  of  the 
display. 
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Figure  4.3-28.  The  Effect  of  the  Strength  of  Broad-Pand 
Noise  on  Sine-Wave  Target  Detectability.  Broad  band 
white  noise  (0  to  5 MHz)  at  four  levels,  0.3,  0.6,  1.2,  and 
1.8  volts  rms,  was  introduced  into  a CRT  display  of  a 
sine-wave-modulated  bar  pattern.  The  modulation  of  the 
signal  for  the  pattern  was  adjusted  to  determine  the  point 
at  which  the  bars  in  the  target  were  just  visible.  The 
results  reported  by  the  authors  (Ref.  12,B)  are  shown  in 
Figure  4.3-28(a),  where  the  change  of  the  peak-to-trougk 
voltage  is  shown  rather  than  the  rms  voltage  reported. 
Figure  4,3-23(b)  'hows  the  results  replotted  as  signal-to- 
noise  ra'ios  for  the  four  curves  for  which  the  rms  noise 
voltage  was  given.  Curve  number  E is  for  the  test  appa- 
ratus with  no  noise  added. 

There  appears  to  be  an  interaction  between  the  strength 
of  broad-band  noise  and  the  spatial  frequencies  at  which  it 
was  most  disruptive  to  the  detection  of  the  bars— the 
stronger  noise  having  more  effect  at  lower  frequencies 
than  the  weaker  noise. 

The  apparatus  and  test  conditions  were  the  same  as  those 
described  in  Figure  4.3-26  except  that  only  the  broad- 
band (0  to  5 MHz)  noise  was  used. 
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Figure  4.3-29.  Effect  of  Viewing  Distance  and  Target 
Spatial  Frequency  on  Signal-to-Noise  Detection  Thresh- 
olds. The  interactions  between  viewing  distance  and  the 
threshold  SNR  for  target  detection  are  coriplex.  In  the 
study  reported  here,  two  sets  of  data  are  presented  (Ref. 
12,B).  The  first.  Figure  4.3-29(a),  at  the  top  of  this  col- 
umn, shows  that  with  reference  to  the  angle  subtended  at 
the  eye,  the  spatial  fi  -quency  that  can  be  detected  at  a 
given  SNR  increases  in  proportion  to  viewing  distance. 
Figures  4.3-29(b),  (c),  and  (d)  show  how  the  SN  R for 
detection  increases  as  viewing  distance  increases,  For  com- 
parative purposes,  the  threshold  signal  strengths  for  noise- 
free  imagery  are  shown  for  each  spatial  frequency.  It  is 
clear  that  the  noise  is  not  just  raising  pre  existing 
thresholds. 

Tile  apparatus  used  in  these  studies  was  identical  to  that 
reported  in  Figure  4.3-26  with  the  exception  that  only  a 
broad  band  (0  to  5 MHz)  signal  was  used. 
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(a)  JUDGED  VALUE  OF  CRT  IMAGERY  AS  A FUNCTION 
OF  BANDWIDTH  AND  SIGNAL-TO  NOISE  RATIO 
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Figure  4.3-30.  Effect  of  Bandwidth  and  Signal-to-Noise 
Ratio  on  the  Judged  Quality  of  Television  Pictures.  Sub- 
jective quality  judgments,  based  on  the  scale  shown 
below,  were  made  by  24  subjects  for  a televised  still  pic- 
ture of  two  "attractive  girls"  swimming  (Ref.  13,C).  The 
picture  was  presented  to  each  subject  using  all  combina- 
tions of  the  following  levels  of  bandwidth  and  SNR; 

• Bandwidth:  0.5,  1.0,  2.0,  and  3.0  MHz 

• Signal-to-Noise  Ratio:  20,  35,  and  50  dB 


The  signal-to-noise  ratio  was  defined  as: 


SNR  (dB)  = 20  log 


Peak  signal  voltage 
rms  noise  voltage 


The  noise  was  described  only  as  wideband  and  generated 
by  a commercially  available  random  noise  generator. 


The  rating  scale  used  is  shown  below. 


Picture 

Scale  Quality 

Value  Description 

7.  Excellent.  The  picture  is  of  extremely  high  qual- 
ity; it's  as  good  as  you  could  wai.t  one  to  be. 

6.  Very  good.  The  picture  is  of  very  high  quality, 

providing  enjoyable  viewing. 

5.  Fair.  The  picture  is  of  feirly  high  quality. 

4.  Marginal.  The  picture  is  not  good  and  not  bad. 

3.  Poor.  The  picture  is  poor  in  quality  and  you  wish 
you  could  impr  K>e  i«. 

2.  Very  poor.  The  p'Cture  is  very  poor  but  you 
could  watch  it  if  you  really  wanted  to  watch 
television. 

1.  Unus-'ble.  The  picture  is  so  poor  that  you  could 
not  watch  it. 

The  pictures  were  presented  on  a standard  525-TV-line 
NTSC  system  (bandwidth  unspecified).  The  subjects 
viewed  the  monitor  at  71  cm  (28  in).  Neither  display  con- 
trast nor  highlight  luminance  was  reported.  Because  the 
tests  were  conducted  in  a semi-darkened  room,  ambient 
illumination  was  low. 

The  results  show.'  in  Figure  4.3-30(a)  indicate  the  need 
for  increasing  the  SNR  as  bandwidth  is  reduced,  if  subjec- 
tive picture  quality  is  to  be  maintained. 

Figure  4.3-30(b)  shows  the  same  results  with  haudraif 
curves  superimposed.  The  term  "baudrate"  refers  to  the 
rate  at  which  binary  bits  are  transmitted  in  a digital  sys- 
tem. A baudrate  of  1 indicates  a transmission  of  one 
binary  bit  per  second;  the  ietter  R before  a baudrate  num- 
ber denotes  the  rate  is  in  megabauds  (1,000,000  bauds). 
The  baudrate  curves  ware  caiculated  from  the  bandwidth 
and  SNR  vaiues  using  the  method  described  in  Reference 
14. 
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4.3.3  SIGNAL  TO  NOISE  RATIO  (CONTINUED! 


Figure  4.3-31.  The  Effect  of  Noite  Spectra  on  Judgmentt 
of  Picture  Duality  in  NTSC  Color  Television  Systems 
Judgments  of  color  television  picture  (|uality,  using  the 
scale  shown  ticlow,  were  made  by  10  otiservers  lor  each  of 
the  foul  noise  spectra  (ilotted  in  Figure  4.3  31(a)  (Ref. 
15.0. 


Scale  Judged 

Value  Degradation 

1.  Not  perceptible 

2.  Just  perceptible 

3.  Definitely  perceptible,  but  only  slight  impair- 

ment to  picture 

4.  Impairment  to  picture,  but  not  objectionable 

5.  Somewhat  objectionable 

6.  Definitely  objectionable 

7.  Extremely  objectionable 

The  L-3  noise  spectrum  is  typical  of  the  type  found  in 
coaxial  cable  systems.  The  TD-2  noise  spectrum  represents 
that  found  in  TD-2  relay  links  for  long-distance  trans- 
mission. The  flat  spectrum  and  triangular  spectrum  are 
not  common  to  broadcast  systems  but  represent  what  is 
considered  to  be  bounding  conditions.  The  results  (Figure 
4.3-31  (b))  indicate  that  for  a given  level  of  noise,  the  qual- 
ity judgments  improved  as  the  low-frequency  portions  of 
the  noise  spectrum  were  reduced. 

The  pictures  were  of  Still  scenes  similar  in  content  to 
those  that  might  be  found  in  commercial  broadcasting. 
Highlight  brightness  was  86  cd/m‘  (25  f L),  and  the  con- 
trast ratio  was  between  70:1  and  80:1.  The  pictures  were 
presented  on  a 525-TV-line  NTSC  color  television  system. 

The  subjects  were  seated  at  a distance  from  the  monitor 
of  4 times  the  picture  height.  No  room  illumination  was 
provided  beyond  that  created  by  the  monitor. 

It  must  be  remembered  in  interpreting  the  data  in  this 
chart  that  the  judgments  were  made  on  the  basis  of  qual- 
ity for  home  entertainment,  not  information  extraction. 

It  also  must  be  remembered  that  the  testing  was  done  on 
an  NTSC  system  which,  unlike  most  closed-circuit  TV's, 
has  separate  luminance  and  chrominance  signals. 
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I MANGE  OVER  SEVERAL  PICTURES 


RELATIVE  INTERFERENCE  LEVELS  FOR  NTSC  COLOR  SYSTEM 


X ^ RANGE  OVER  SEVERAL  PICTURES 


RELATIVE  INTERFERENCE  LEVELS  FOR  NTSC  BLACK  AND  WHITE  SYSTEM 


Figure  4.3-32.  Effect  of  Noise  Bandwidth  and  Median  Frequency  on  Judged  Picture  Degradation  for  NTSC 
Color  and  Black  and  White  Systems 
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4.3.3  SIGNAL  TO  NOISE  RATIO  (CONTINUEDI 


(c) 

1 HEFEHtNCF INTEHFEHfNCE 

2 FLAT  NOISE 

“ 3 L 3 NOISE 

~ 4 TO  2 NOISE  IWITHOUT  SIGNAL  PF^E  EMPHASIS) 

O 5 A2A  NOISE 


Figure  4.3-32.  Effect  of  Noise  Bendwidth  and  Median 
Frequency  on  Judged  Picture  Degradation  for  NTSC 
Color  and  Black  and  White  Systems.  An  image  contain- 
ing a 0 to  200  kHz  noise  source  3 to  6 dB  above  the 
threshold  for  its  detection  was  used  as  a reference  against 
which  images  containing  other  noise  spectra  were  com- 
pared. The  signal-to-noise  ratio  in  the  comparison  image 
was  adjusted  until  the  quality  of  the  two  images  was 
judged  equal.  The  SNR  of  the  reference  noise  is  plotted 
at  the  left  of  each  graph.  The  range  of  SNR  values  which 
produced  images  judged  to  have  equivalent  quality  is 
shown  for  each  of  the  spectra  tested.  Spectra  having 
lower  SNR  values  for  judged  equality  can  be  considered 
to  be  less  disruptive  than  ones  having  high  SNR’s. 

The  spectra  for  the  reference,  flat,  L-3,  TO  2,  and  A2A 
noises  are  shown  in  pert  (cl  of  this  figure. 

The  wide  variability  shown  for  the  color  system  (Figure 

4.3-32a)for  noise  located  near  3.6  MHz  Is  due  to  the  fact 
that  this  is  the  frequency  of  the  color  stihearrirr  in  the 
NTSC  system.  The  adverse  effect  is  greatest  for  saturated 
reds  and  Mues. 

Fur  the  black  and  while  system,  the  narrow-band 


(500  kHz)  signal  haddecreasingly  disruptive  effects  as  the 
median  frequency  moved  up  (Ref.  16,0. 

The  data  shown  for  the  first  11  noise  spectra  in  Figure 

4.3-32(a)  are  from  80  observations.  For  the  others,  an 
unreported  number  of  observations  was  made.  For  the 
black  and  white  data,  each  point  represents  30 
observations. 

Still  scenes  common  to  broadcast  television  were  used  as 
test  material.  Viewing  was  from  a disurce  equal  to  4 
times  the  picture  height.  The  highlight  luminances  aver- 
aged about  27  cd/m^(8  fL)  for  the  color  pictures  and  3.4 
to  100  cd/m‘  (10  to  30  fL)  for  the  black  and  white  pic- 
tures. Each  was  presented  on  its  own  21-inch  monitor;  the 
monitor  for  the  black  and  white  system  employed  a P4 
phosphor. 

It  must  be  remembered  in  interpreting  these  results  that 
the  judgments  were  made  on  the  basis  of  quality  for  enter- 
tainment, not  information  extraction.  It  also  must  be 
remembered  that  the  testing  was  done  on  NTSC  systems, 
and  that  for  color,  the  luminance  and  chrominance  signals 
are  separate. 
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4.3.3  SIGNAL-TO  NOISE  RATIO  (CONTINUED) 


Figure  4.3-33.  Effect  of  the  Number  of  Scan  Lines  and 
Signai-to-Noise  Ratio  on  Line-Scan  Transparencies.  Line 
scan  transparencies  with  six  levels  of  SNR  and  three  dif- 
ferent numbers  of  scans  per  vehicle  were  tested.  The  test 
material  was  prepared  from  nadir  photographs  of  models 
of  militarv  vehicles  (Ref.  1 7.B).  The  term  signal-to-noise 
ratio  ivas  defined  by  the  authors  as  follows: 

jV  _ / Variance  of  signaiN 
,\'  * \Variance  of  noise  j 

where: 


} , 

!T,  TJ- 

A ^ 

r,>-\ 

L ^>r 

where: 

Tj  T,i  - instantaneous  values  of  the  signal  and 
tToise  injransmittance  with  means  of 
and  respectively 

Off  ~ standard  deviation  of  noise  (rms 
noise)  in  transmittaiice 

This,  however,  must  not  be  confused  with  the  definition 
of  signal-to-noise  ratio  used  for  television  (see  Figure 
4.1-15  and  Ref.  18). 

The  line-scan  imagery  was  generated  using  identical  scan- 
ning and  reconstruction  spots  of  Gatnsian  distribution 
with  a a of  0.235  mm  (0.009  ip).  The  pictures  were  sam- 
pled at  0.55-mm  (0.02-in)  intervals.  The  MT!' of  the  spots 
IS  shown  in  Figure  4.3-33(a).  The  iransniiiiancc  range  of 
the  input  imagery  was  tiiiaiilizcJ  into  4096  levels  (12 
bits).  The  five  signal-to-noise  ratios  were  3,  5,  10,  20, 

30,  and  The  >"case  is  presumed  to  have  had  no  noise 
beyond  that  of  the  photographic  grain,  which  would  be 
visually  unresolvable  with  unaided  viewing.  The  number 
of  .;can  lines  per  target  was  16,  32,  and  48.  The  two  per- 
formance measures  taken  were  classification  and  identifi- 
cation. The  details  of  the  test  and  scoring  procedures  were 
identical  with  those  described  in  Figure  4.3-15.  Fifty-four 
college  students  served  as  subjects  for  the  study. 

The  vehicles  were  classified  into  two  categories:  tanks  and 
miscellaneous  vehicles.  The  results  for  the  identification 
task,  as  shown  in  Figures  4.3-33(b)  and  4.3-33(c),  were 
different  for  the  two  classes.  The  authors  attribute  this  to 
the  greater  heterogeneity  of  appearance  among  the  vefiicles 
in  the  "miscellaneous"  class,  which  made  them  easier  to 
distinguish  from  one  another.  No  differences  in  the  classi- 
fication performance  were  found  for  any  of  the  image 
conditions. 
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4.3.4  DISPLAY  CONTRAST  RATIO  AND  GRAY  SHADES 

/)i\/>tjy  fimrtiisl  rutin  ((',)  l^  llio  t;itio  I'olwecn  the  aiojs 
of  l\i>;licsl  itul  lowi’s!  Iiiimiiuiii:c  of  ilic  Jisjilay  llic  Icim 
is  most  ofiiMt  iisoJ  Ml  coitjuiKlion  with  ( Kl  's.  'Hie  uiio 
may  nm  from  appioximal-'ly  ,^:l  to  more  than  100:1 
depenJiiii:  upon  the  desipn  of  the  tube,  how  it  is 
operated,  and  the  amount  of  amhient  illumination 
rerteeted  from  the  screen. 

Fittute  .1.1-11  compares  contrast  ratio  with  other  meas- 
ures of  contrast.  Additional  discussions  on  the  intiuence 
of  ei|uipment  consulciations  can  be  found  m .Sections 
4.4.1  and  4.4.:. 

(iru\  Stale  steps  or  uruv  levels  are  patches  of  known 
rellcctance  or  transmittance  arranged  in  ascendinp  and 
descendini;  order  on  television  test  charts.  T o types  ol 
chart  are  commonly  used,  one  with  eipial  linear  steps 
and  one  with  equal  lojtarilhmic  steps  which  increase  by  a 
factor  equal  to  the  \/ybetwcen  each  step.  Ily  determin- 
iiij!  the  hiithest  and  lowest  step  that  can  be  distinguished, 
a notion  of  the  tlyiitimie  ruii^e  of  the  system  can  he 
obtained.  The  contrast-rendering  capabilities  of  the 
system  can  be  determined  by  observing  the  ntmiber  of 
gray  shades  that  can  be  distinguished  and  their  place- 
ment along  the  scale.  Such  determinations,  however,  are 


not  diieci  iinlicjtions  of  the  number  ol  tiuantizeil  levels 
which  a digil.il  system  can  disj'lay.  as  ollcii  the 
dilleience  between  two  adjacent  \/~T  steps  is  several 
limes  larger  than  die  Ihiesliold  for  /list  pereeptihle 
JiJtereiues 

I igute  4..V.V4(al  illiisliales  that  a high  contrast  ratio  in  a 
CKI  diK-s  not  necessarily  mean  that  a large  number  of 
gray  shades  can  be  reproduced.  Il  the  hnninaiice  liansler 
through  the  system  is  nonlinear,  then  the  differences 
between  grav  sluiles  will  be  compressed  in  some  areas 
and  e.xpanded  in  oilii-ts.  Such  noiilineariiies  can  result  in 
a reduction  of  the  loial  number  of  visible  steps. 

The  data  in  this  section  indicate  that  obtaining  a 
liigji-conirast  ratio  at  the  expanse  of  gray  shades  hurls 
performance,  particularly  for  more  dilficult  targets  (sec 
Figures  4. and  4.3-.tO).  If  the  observer  has  had  direct 
visual  access  to  the  scene  just  prior  to  its  being  presented 
on  the  CRT.  gray  shades  appear  to  increase  in  impor- 
Irance  as  image  scale  decreases  (Figure  4.3-.3S). 
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4.3.4  DISPLAY  CONTRAST  RATIO  AND  GRAY  SHADES  (CONTINUED) 


Figure  4.3-34.  Target  Recognition  at  a Function  of  Dis- 
play Contrast  Ratio.  The  experimental  apparatus  and 
imagrTV  used  in  this  study  were  the  same  as  that  described 
in  Figure  4.3-5.  A detailed  description  of  the  general  test 
conditions  can  be  found  there.  A subset  of  48  targets  out 
of  the  original  63  targets  from  that  study  were  used.  A 
15-MHt  bandwidth  with  725  TV  lines  per  frame  was  the 
only  bandwidth/TV-line  combination  used.  Three  contrast 
ratio  conditions  were  established  by  adjusting  the 
response  of  the  system  operating  at  37,6  oB  SNR  to  the 
three  curves  shown  m Figure  4.3-34.  As  the  accompanying 
table  shows,  a high  contrast  ratio  is  not  necessarily  asso- 
ciated with  the  display  of  a larger  number  of  gray  shades. 
Under  favorable  SNR  conditions  (36.7  dB|,  the  high  con- 
trast and  low  contrast  conditions  are  only  slightly  differ- 
ent in  the  ability  to  produce  gray  shades,  and  the  medium 
contrast,  condition  is  superior  to  them  both;  under 
unfavorable  SNR  conditions,  all  the  contrast  ratios  (1  dB 
and  7 dB)  are  very  similar  in  gray  scale  rendition.  The 
accompanying  table  shows  the  luminances  and  display 
contrast  ratios  associated  with  each  of  the  experimental 
conditions  over  which  the  data  were  collected.  Details  of 
the  SNR  conditions  are  given  in  Figure  4.3-34(c).  The 
relationship  between  shades  of  gray  and  contrast  ratio 
should  also  be  noted.  Both  the  low  and  high  display- 
contrast-ratio  conditions  produce  fewer  visible  shades  of 
gray  than  the  medium  contrast  condition.  The  table 
accompanying  this  figure  illustrates  how  interactions 
between  three  experimental  conditions  (contrast  ratio, 
image  enhancement,  and  SNR)  affected  the  visual  stimu- 
lus produced  by  a CRT.  The  reduction  in  contrast  caused 
by  decreasing  signal-to-noise  ratios  for  the  medium  con- 
trast and  high  contrast  conditions  is  substantial  and  illus- 
trates one  reaso  1 for  the  decreasing  performance  as  SNR 
decreases,  (See  Sections  3.1.3,  3.1.4,  and  3.1.5  for  data  on 
visual  performance  as  a function  of  contrast.) 

The  method  for  calculating  the  values  for  the  three  curves 
in  Figure  4.3-34(b)  was: 


Percent  correct  tecosnitionj  -100 

Percent  omitted  recoanitions  *100 
(Percent  errors  of  omissioni 

Percent  incorrect  recognitions  = 100 
(Percent  errors  of  commission! 


(Number  of  correct  responses\ 
Number  of  assigned  targets  J 

(Number  of  omitted  responsesN 
Number  of  assigned  targets  / 

(Number  of  incorrect  responses 
Number  of  correct  and  incorrect 
responses 


The  data  for  each  point  on  the  curve  shr’wing  the  percent 
of  correct  responses  represent  the  average  of  144  observa- 
tions (12  each  for  the  12  subjects).  Further  analyses  of 
this  data  by  target  size  and  contrast  are  given  in  Figures 

4.3-35  and  4,3-36  (Ref.  4,0. 


Image  enhancement  was  accomplished  by  an  edge  sharp- 
ening technique  that  weighted  th*  value  of  the  second 
derivative  of  the  video  signal  from  that  signal.  The  effects 
of  this  technique  on  pc-formance  are  reported  in  Figure 

4.3-52. 
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4.3.4  DISPLAY  CONTRAST  RATIO  AND  GRAY  SHADES  (CONTINUED) 


REF  4.C 


EXPEHIWENTAL  CONUITIONS 

DISPLAY  parameters 

DISPLAY 

IMAGE 

S'N 

LOW  LIGHT 

HIGH  LIGHT 

DISPLAY 

CONTRAST 

NUMBER 

CONTHAST 

enhance- 

RATIO 

BRIGHTNESS 

BRIGHTNESS 

CONTHAST 

OE  GRAY 

RATIO 

MENT 

MBI 

II  Li 

(ILI 

RATIO 

SHADES 

NO.'JE 

1 

?1.0 

25.0 

1.19 

0.09 

5 

7 

20  0 

25  0 

1.25 

0.11 

6 

16 

200 

25,0 

1 25 

0.11 

6 

37.6 

200 

25  0 

1.25 

0.11 

7 

LOW 

MEDIUM 

1 

21  0 

WBM 

0.07 

6 

7 

20  0 

0,11 

7 

16 

20.0 

0,11 

7 

37.6 
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25  0 

1 25 
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7 

HIGH 

1 
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6 

7 

20.5 

25.0 

0 10 

6 

16 
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7 
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20  b 

27  0 
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0.14 

9 
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1 
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4.6 

0 66 

5 

7 

85 

95.0 

11.2 

0.84 

6 

16 
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90.0 

31.0 

0 94 

8 

37.6 

15 

90  0 

60  0 
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11 

MEDIUM 

MEDIUM 

1 

165.0 

3.1 

0 51 

5 

7 

112  0 

7.0 

0 75 

7 

16 

96.0 

168 

0.90 

10 

37  6 

2.1 

96  0 

45.7 

0.96 

11 

HIGH 

1 
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235.0 

2.0 

4 

7 

65  0 
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2.3 

6 

16 
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9 
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107.0 
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11 
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7 
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16 
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7 
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1.4 
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7 

HIGH 

1 

120,0 

300.0 
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0.42 

5 

7 

55.0 
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0.71 

8 
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14.0 

340.0 
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8 
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2.2 

3400 
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8 

Figure  4.3-34:  Taiget  Recognition  as  a Function  of  Display  Contrast  Ratio 
(Contrast  ratios  and  gray  shades  as  a function  of  experimental  conditions) 
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4.3.4  DISPLAY  CONTRAST  RATIO  AND  GRAY  SHADES  {CONTINUED) 

Figure  4.3-35.  Time  To  Recogniie  Target*  a*  a Function 
of  Ditplay  Cnntrait  Ratio  and  Target  Size.  Theie  data  are 
derived  from  further  analysis  of  the  information  shown  in 
Figure  4. 3-34  for  20  of  the  48  targets  represented  in  that 
figure.  The  20  targets  were  similar  to  those  dcscrihed  in 
Figure  4. 3-7.  The  performance  measure  used  in  the  analy- 
sis for  the  present  figure  was  the  time  from  when  the  tar- 
get entered  the  field  of  view  until  it  was  recognized.  It  was 
calculated  as  follows: 


OuFdtion  from  instant  taiget 

Recognition  latency  enters  FOV  to  instant  of  correct 

fseconOsI  restionse 


Each  curve  represents  120  observations  110  each  b\  each 
of  12  observers).  An  estimate  of  the  average  number  of 
gray  shades  for  each  contrast  ratio  was  made  from  the 
Uata  in  Figure  4.3  34(c).  The  estimates  were  6.8  for  the 
high  contrast  condition,  7.8  for  the  medium  contrast  con- 
dition, and  6.6  for  the  low  contrast  condition.  It  must  be 
remembered  that  the  number  of  visible  gray  shades  is  only 
indirectly  related  to  the  number  of  visually  discernable 
luminance  steps 


Figure  4.3-36.  Time  To  Recognize  Targets  as  a Function 
of  Display  Contrast  Ratio  and  Target-to-Background  Con- 
trast. These  data  are  a further  analyses  of  the  information 
shown  in  Figure  4,3-34.  The  performance  measure  used  in 
the  present  figure  was  the  time  taken  to  recognize  a target 
after  it  came  into  the  field  of  view  (recognition  latency). 
This  measure  was  as  follows: 


Duration  from  instant  target 

Recognition  latency  = enters  FOV  to  instant  ol  correct 
(seconds)  response 


Some  caution  is  needed  in  interpreting  the  differences  in 
results  between  the  two  groups  of  targot/background  con- 
trast data  because  the  values  used  were  those  measured  on  the 
terrain  model  (see  Figure  4.3-5)  and  not  on  the  display. 

Twenty-four  of  the  43  targets  from  the  set  used  to 
develop  the  data  in  Figure  4.3-34  were  used,  and  they 
wee  similar  to  those  used  in  Figure  4,3-7. 

The  performance  on  the  medium  contrast  condition,  having 
an  average  of  7.8  shades  of  gray,  is  superior  for  both 
the  high-  and  low-contrast  targets  (Ref.  4,C). 
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10  SUBJECTS 
70°  OBLIQUITY 


TARGETS:  MODELS 
OF  MILITARY 
VEHICLES 


REF.  7,C 


DISPLAY  DYNAMIC  RANGE 
(shacJes  o*  gray  on  RETMA  chart) 

Figure  4.3*37. 
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Figure  4.3-38. 
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SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  iAMPLED  IMAGERY 

4.3.4  DISPLAY  CONTRAST  RATIO  AND  GRAY  SHADES  (CONTINUED) 


Figure  4.3-37.  Time  To  Find  Targets  as  a Function  of 
Display  Contrast  Ratio  (Shades  of  Gray).  This  chart  was 
compiled  from  the  same  data  used  lor  Figure  4.3  14,  Irut 
was  analyzed  to  extract  the  effect  of  contrast  ratio.  The 
contrast  ratio  was  changed  by  clippinn  the  video  signal  to 
remove  gray  scale  information  below  preset  levels  and 
displaying  the  gray  steps  above  those  levels.  Three  condi- 
tions were  studied  in  which  the  displayed  gray  levels  were 
5,  7,  and  9 as  measured  by  the  log  gray  level  scale  on  the 
RETMA  chart  (Ref.  7,0. 

A precaution  is  necessary  in  interpreting  this  data.  Gray 
levels  were  found  to  have  an  effect  only  when  the  observ- 
ers had  visual  access  to  the  targets  just  prior  to  their  dis- 
play on  the  CRT.  Also,  it  must  be  remembered  that  the 
gray  scale  range  is  only  indirectly  related  to  the  number  of 
visually  discriminabla  luminance  levels  in  the  disolay  (Ref. 
6;  see  Figure  4.3-10  for  more  information  on  the  experi- 
mental conditions). 


Figure  4.3-38.  Time  To  Find  Targets  as  a Function  of 
Display  Contrast  Ratio  (Shades  of  Gray),  Image  Scale  on 
Pliotosensor  and  TV  Lines  Subtended  by  Target  Height. 
This  graph  was  compiled  from  the  same  data  presented  in 
Figures  4.3-1 1(a)  and  Figure  4.3-12(a)  analyzed  for  the 
effects  of  display  contrast  ratio.  A desc'iption  of  the 
study  from  which  these  data  were  collected  can  be  found 
in  Figure  4.3-10  (Ref.  7,0.  As  the  scale  of  the  imagery 
decreased,  the  importance  of  gray  shades  increased. 

A precaution  is  necessary  in  interpreting  these  data 
because  the  results  apply  only  when  the  observer  had 
visual  access  to  the  scene  just  prior  to  its  being  presented 
on  the  CRT.  When  no  such  prior  access  was  available 
gray  shades  did  not  influence  performance  (Ref.  7,C) 
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Figure  4.3-39.  Detection  of  Tanks  in  TV  Images  as  a Function  of  TV  Resolution  and  Target  Contrast 
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4.3.4  DISPLAY  CONTRAST  RATIO  AND  GRAY  SHADES  (CONTINUED) 


Figure  4.3-39.  Detection  of  Tanks  in  TV  Images  as  e 
Function  of  TV  Resolution  and  Target  Contrast.  In  this 
study  the  TV  resolution  was  changed  by  defocusing  the 
lens  of  the  TV  camera.  Three  levels  were  used-25.  35, 
and  SCK)  TV  lines  as  measured  on  the  RETMA  resolution 
chart  I Ref.  5).  The  targets  (models  of  army  tanks  on  a 
terrain  model)  were  presented  in  a dynamic  display  simu- 
lating an  overflight  of  the  terrain  model.  Only  one  target 
at  a time  was  presented,  and  each  was  in  the  field  of  view 
for  10  seconds.  Three  target-to-background  contrasts  were 
used;  -0,  -0.3,  and  -rO.3.  Contrast  was  defined  as; 

where; 

Lb 

L(  = target  luminance 

L|3  = background  luminance 

Two  measures  of  performance  were  taken;  the  percent  of 
the  targets  detected  and  the  time  from  the  appearance  of 


the  target  in  the  field  of  view  until  its  detection.  The  over- 
all results  for  these  two  measures  ara  given  in  parts  (a)  and  ' 
lo)  of  this  figure.  For  the  differences  in  contrast,  the 
results  showed  that  improved  resolution  had  a greater 
effect  on  performance  for  the  higher  contrast  targets  and 
that  it  had  the  greatest  effect  on  the  target  whose  contrast 
was  positive  with  respect  to  the  background  (Ref.  18, C). 

The  imagery  was  displayed  on  a NTSC-compatible  color 
TV  system  (see  Figure  4.1-11  for  a brief  description  of 
this  system).  The  targets  were  presented  in  both  the  black 
and  white  ai.J  color  modes.  The  results  shown  here  were 
averaged  over  both.  (For  an  analyses  of  the  differences  in 
performance  as  a function  of  color  versus  black  and  white, 
see  Figure  4.3-51 .) 

Of  the  10  observers  used,  only  3 bad  had  previous  experi- 
ence in  target  acquisition  studies. 


4.3.5  VISUAL  CONTRAST  DETECTION  IN  CRT  IMAGERY 

Tliis  section  presents  infor.mation  on  liow  tlie  contrast 
detection  limits  of  tlie  visual  system  are  affected  by  CRT 
cltaracteristics.  Fitjure  4. .3-40  illustrates  the  maximum 
CRT  performance  levels  that  can  he  expected.  The  data 
were  gathered  in  careful  studies  of  the  visual  mechanism; 
the  use  of  the  CRT  was  incidental  to  the  intent  of  the 
studies. 

The  second  study  reported  in  Figure  4.3-41  was  con- 
ducted for  the  specific  purpose  of  determining  visual 


contrast  thresholds  for  ('RT  displays.  Comparison  of 
the  results  is  not  a straightforward  process  because  of 
the  differences  in  the  studies.  However,  the  range  of 
thresholds  shown  between  the  two  figures  is  probably  a 
reasonable  estimate  of  the  range  that  can  be  expected 
in  operational  settings.  The  performance  achieved  will 
depend  greatly  on  the  care  with  which  the  viewing 
situation  is  designed,  the  difficulty  of  the  work  being 
performed,  and  time  pressures. 
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4.3.5  VISUAL  CONTRAST  DETECTION  IN  CRT  IMAGERY  (CONTINUED) 
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FiQure  4.3-40.  Minimum  Detectable  Contrast  on  CRT 
Displays.  The  data  shown  on  these  two  graphs  come  from 
three  different  studies  run  under  differing  conditions  by 
different  authors  (Ref.  19,  20,  21).  They  indicate  trends 
rather  than  quantitatively  comparable  data. 

The  studies  were  run  under  conditions  which  maximized 
the  contrast  sensitivity  of  the  eye.  They  indicate  that 
under  ideal  viewing  conditions,  contrasts  (Cp^)  of  as  low 
as  0.002  are  detectable.  In  interpreting  these  results,  con- 
sideration must  be  given  to  the  fact  that  the  test  objects 
were  represented  in  a field  whose  luminance  was  closely 
matched  to  the  average  luminance  of  the  test  object  and 
that  the  visual  task  was  simply  one  of  detection.  When 
large  differences  exist  between  the  luminance  of  the  target 
and  that  of  the  area  surrounding  it,  the  thresholds  will  be 
significantly  higher  (see  Section  3.1.10  and  Figure 
3.2-12).  Increasing  the  difficulty  of  the  task  from  detec- 
tion to  identification  or  classification  of  the  target  will 
have  a similar  effect.  The  study  reported  in  Figure  4.3-41 
found  contrast  thresholds  for  the  95  percent  level  of 
detection  much  higher  than  those  reported  here.  Compari- 
son of  the  results  is  difficult  because  of  the  different 
nature  of  the  targets  involved,  different  thresholds 
reported,  and  likely  differences  in  experimental  design. 
Taken  together,  they  probably  represent  the  contrast 
detection  range  that  can  be  expected  for  CRT  viewing  in 
the  environment  of  the  image  interpreter.  For  more  rigor- 
ous viewing  environments,  for  instance  in  the  presence  of 
very  high  ambient  illumination  or  of  vibration,  the  thresh- 
olds will  increase  further. 


The  data  shown  in  Figures  4.3-40(a)  and  4.3-40(b)  were 
derived  as  follows; 


Figure  4.3-40(a) 
Curve 


A 

B 

C 

D 

E 


Reference  Figure 


3.1- 23 

3.1- 26(b) 

3.1- 29 

3.1-29 

3.1-29 


Figure  4.3-40(b)  3.T28 

Further  information  on  the  conditions  under  which  the 
data  were  collected  are  given  in  these  earlier  figures.  A 
description  of  the  dashed  curves  can  be  found  in  Figute 

3.1-19. 
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4.3.5  VISUAL  CONTRAST  DETECTION  IN  CRT  IMAGERY  (CONTINUED) 


Figure  4.3-41.  Contrast  Detection  Between  Adjacent 
Areas  on  a CRT  Display.  A square  area,  subtending 
approximately  2 degrees  of  visual  angle  per  side,  was 
divided  vertically  into  two  areas  approximately  1 degree 
wide  and  2 degrees  long.  The  luminance  of  one  area  was 
held  constant  and  that  of  the  other  was  adjusted  to  deter- 
mine the  difference  necessary  for  detection  95  percent  of 
the  t’lne  (Ref.  22). 

fhe  area  of  the  CRT  which  lay  outside  of  the  2X2- 
degree  test  area  was  masked  off. 

The  results  indicate  that  contrasts  (C^p,)  between  0 026 
and  0.044  were  needed  to  ensure  that  the  luminance  dif- 
ference between  the  two  sides  of  the  rectangle  could  be 
detected  95  percent  of  the  time  under  the  conditions  of 
this  test.  Contrast  (C^)  can  be  calculated  from  Figure 
4.3-41  (a)  as  follows: 

From  Figure  3.1-10: 

_ _ Higher  luminance  - lower  luminance 

~ Higher  luminance  + lower  luminance 

From  Figure  4.3-41  (a),  at  100  cd/m^  (29  f L).  the  lumin- 
ance difference  needed  to  be  detectable  at  the  95-percent 
threshold  is  approximately  5.5  ci'm^  (1.6  fL).  If  100 
cd/m2  (29  fL)  is  taken  as  the  higher  luminance,  then 
100-5.5  or  94.5  cd/m^  (27.6  f L)  will  be  the  lower  and: 

,,  = 100-  94.5  _ 5.5 

100  + 94.5  "194.5 

Cm  = 003 

These  numbers  are  much  higher  than  those  reported  for 
the  detection  of  cyclical  targets  in  Figure  4.3-40.  The 
visual  tasks  were  quite  different.  The  targets  in  the  earlier 
figure  were  cyclical  and  the  detection  threshold  was  set  at 
50  percent.  For  the  present  study,  the  target  was  a divided 
rectangle,  with  a single  edge  separating  the  two  lumi- 
nances. Figure  4.3-41  (b)  shows  that  the  detection  of  such 
an  edge  depends  upon  the  slope  of  the  transition  between 
the  two  luminances.  The  data  in  Figures  4.4-24  and  4.4-25 
show  that  because  of  internal  reflections  in  the  face  of  the 
CRT,  the  luminance  gradient  between  the  two  areas  may 
be  4 to  6 mm  (0.16  to  0.24  in)  wide  before  the  brightness 
drops  to  10  percent  of  its  maximum  value.  This  distance  is 
equivalent  to  4.5  to  7 arc  minutes  for  the  viewing  distance 
used  to  collect  the  data  for  Figure  4.3-41(a).  Figure  4.3- 
41  (b)  shows  a 50-percent  contrast  detection  threshold  of 
between  0.003  and  0.009  for  such  an  edge  in  non-CRT 
displays.  Thus  it  would  appear  that  the  95-percent  con- 
trast threshold  reported  in  the  present  study  is  3 to  4 
times  that  for  the  50-percent  threshold  for  non-CRT 
displays. 

The  spatial  frequency  of  the  edge  target  was  taken  as  the 
spatial  frequency  of  a grating  with  an  equal  luminance 
gradient.  Figure  4.3-41  (c)  shows,  to  scale,  the  luminance 
distribution  of  two  targets  with  numerically  equal  modu- 
lation and  spatial  frequency. 

The  relative  contribution  of  the  differences  in  thresholds, 
viewing  conditions,  and  display  apparatus  to  the  discrep- 
ancies between  the  results  cannot  be  determined  from 
existing  data. 
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4.3.6  QUANTIZING  LE'^ELS 

Qiianti/iiij;  rotors  to  tlio  process  of  dividing  tlic  tango 
over  wliioli  llio  image  signal  sitengllt  varies  into  a 
number  of  discrete  steps.  The  mimhet  of  steps  is  usually 
some  multiple  of  2 (2.  4,  X,  16,  etc.).  The  number  of 
steps  used  is  designated  by  the  power  to  which  2 must 
be  raised  to  produce  the  desired  number;  the  powers  are 
referred  to  in  binary  terminology  as  tlie  number  of  bits. 
Since  2-^  = 8,  an  image  whose  signal  strengtii  range  has 
been  divided  into  eight  steps  is  said  to  have  u quantized 
level  of  3.  or  3 nits.  In  practice,  much  higher  levels  of 
quantization  ate  used,  5 to  8 being  common  (32  to  2.‘'6 
steps).  (See  Figure  4.1-5  and  4.4-13). 

No  studies  coidd  be  found  dealing  with  image  interpreta- 
tion performance  on  CRT’s  as  a function  of  quanti/ing 


level.  Two  studies  using  subjective  assessments  of  ( H I 
image  quality  are  included  (Figuies  4.3-42  and  4.3-43). 

In  an  interpreter  performance  study  using  transpar- 
encies. the  number  of  quanti/ing  levels  required  to  reach 
a givim  performance  level  was  found  to  be  inversely 
related  to  the  mntiber  of  scan  linos  subtended  by  the 
target.  However,  from  the  standpi'int  of  total  systems 
requirements,  fewer  total  bits  of  information  (hori/ontal 
resolution  x vertical  resolution  x quanti/ing  levels)  were 
needed  for  the  lower  nunrber  of  scan  lines.  It  iiiust  be 
noted,  though,  that  the  performance  levels  above  80 
percent  were  achieved  only  with  the  higher  line-number 
conditions  (Figure  4.3-44). 
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4.3.6  QUANTIZING  LEVELS  (CONTINUED) 


Figure  4.3-42.  Relative  Value  of  Sample  Frequency  and 
Quantizing  Levels  in  Differential  Pulse  Code  Modulated 
(DPCM)  Systems.  \n  pulse  coJe  •riodiilatioii  (PCM)  and 
difjereiilial pulse  code  iiindulatinn  (DPCM)  systems,  the 
available  bandwidth  must  be  partitioned  between  the  fre- 
quency with  which  a signal  is  sampled  and  the  number  of 
levels  to  which  the  amplitude  of  the  signal  is  quantized.  In 
terms  of  imaging  systems,  the  sampling  frequency  deter- 
mines the  spatial  resolution  of  the  system  and  the  levels  of 
encoding  determine  the  number  of  contrast  steps  for  the 
luminance  signal.  See  Figures  4.1-5  and  4.4-13  for  discus- 
sions of  quantizing,  PCM,  and  DPCM.  In  discussing  these 
systems  the  terms  hand  and  hji'd  tale  are  used  to  denote  a 
single  pulse  and  the  rate  at  which  these  pulses  are  pro- 
cessed. A 1-megabaud  system  is  one  whose  bandwidth  will 
handle  1 -million  signal  pulses  a second.  Such  a system  is 
said  to  have  a baudrate  of  R = 1,  R being  used  to  desig- 
nate the  number  of  megahauds. 


In  the  study  reported  here,  image  quality  was  judged  for 
photographs  prepared  from  12  combinations  of  sampling 
rate  and  quantizing  level.  These  12  combinations  were 
divided  among  four  baudrates  as  shown  below: 


Quantizing 

Sampling 

Baudrate 

Levels 

Frequency 

(R) 

(bits) 

(MHz) 

9 

2 

4.5 

3 

3.0 

12 

2 

6.0 

3 

4.0 

4 

3.0 

18 

3 

6.0 

4 

4.5 

5 

3.6 

6 

3.0 

24 

4 

6.0 

• 5 

4.8 

6 

4.0 

The  rating  scale 

used  was: 

Judged  image 

Scale  value 

quality 

7 

Excellent 

6 

Very  Good 

5 

Good 

4 

Fair 

3 

Passable 

2 

Poor 

1 

Unusable 

Two  scenes  were  used  to  prepare  the  sampled  imagery. 

One  was  a portrait  of  a girl  and  the  second  was  a very  high 
oblique  photograph  of  a college  campus. 

Part  (a)  of  this  figure  shows  tl  c result  of  the  quality  rat- 
ings for  each  bcudrate.  For  the  three  higher  baudrates  it 
appears  that  the  judged  image  quality  has  reached  or  is 
approaching  a maximum  value  as  a function  of  sampling 
frequency.  The  fact  that  these  curves,  in  general,  show 
increasing  quality  as  a function  of  increasing  sampling 
frequency  means  that  for  a given  baudrate,  as  spatial  fre- 
quency is  given  up  for  increased  quantizing  levels,  the 
judged  quality  must  decrease.  This  decrease  is  shown  in 
part  (b)  of  this  figure  in  which  the  data  from  part  (a)  is 
replotted  as  a func.ion  of  quantizing  levels  (Ret.  23, C). 

The  limitations  of  applying  this  data  to  interpretation 
situations  must  be  recognized.  First,  the  extent  to  which 
the  quality  judgment  data  reflects  potential  interpretation 
performance  is  not  known;  second,  applying  the  results 
outside  the  studied  range  of  baudrates,  quantizing  levels,  and 
sarroling  frequencies  snould  only  be  done  with  caution. 

The  imagery  was  presented  on  a black  and  white  television 
monitor  viewed  at  a distance  equal  to  6 times  the  picture 
height.  The  monitor  had  a contrast  ratio  of  50;  1 and  the 
testing  took  place  in  a dimly  lighted  room.  Nine  observers 
were  used  and  all  made  three  judgments  at  each  of  the 
combinations  of  quantizing  level/sampting  frequency  for 
each  scene,  for  a total  of  72  judgments  per  observer. 
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Figure  4.3-43.  Effect  of  Quantizing  Levels  and  Dither  on 
Subjective  Judgments  of  CRT  Picture  Quality.  The  qual- 
ity of  pictures  of  ordinary  scenes  presented  on  CRTs  was 
judged  as  a function  of  the  following  factors: 

1)  Level  of  quantizing 

2)  Color  or  black  and  white  CRT 

3)  Presence  or  absence  of  combined  dither  and  noise 

The  levels  of  quantization  and  the  number  of  steps  these 
represent  are  given  below:  . 


Quantizing 

level 


4 

5 

6 

7 

8 


Number  of 
steps 


16 

32 

64 

128 

256 
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4.3.6  QUANTIZING  LEVELS  (CONTINUED) 


Dither,  as  used  in  quantiring,  is  the  addition  of  a high- 
frequency.  low-amplitude  noise  or  square-wave  pulse  to 
the  signal  being  quantized.  This  has  the  effect  of  "blurr- 
ing" the  edges  of  the  displayed  image,  and  for  low  levels 
of  quantization  where  pictures  tend  to  look  "blocky."  the 
subjective  quality  is  improved.  The  scale  used  to  judge 
the  picture  quality  was: 


Scale  Judged 

value  degradation 

1 Imperceptible 

2 Just  perceptible 

3 Definitely  perceptible  but  not  distrubing 

4 Somewhat  objectionable 

5 Definitely  objectionable 

6 Unusable 

The  results  indicate  that,  as  expected,  dither  was  helpful 
at  the  lowest  quantizing  level  (4  bits)  but  had  little  or  no 
effect  at  levels  above  that.  The  black  and  white  pictures 
were  more  acceptable  at  every  quantizing  level  than  the 
color  pictures.  At  6 bits  for  both  color  and  black  and 
white,  the  average  judgment  (from  seven  observers)  was 
that  the  effects  of  quantization  lay  somewhere  between 
imperceptible  and  just  perceptible. 

In  interpreting  these  results,  it  must  be  remembered  that 
the  pictures  were  being  judged  for  quality  as  it  relates  to 
home  entertainment  requirements,  not  from  the  stand- 
point of  information  extraction. 

The  quantizing  was  done  on  standard  NTSC  composite 
video  signals.  The  system  had  a 4.4-MHz  video  bandwidth 
at  the  -3  dB  level  and  a SNR  or  44  dB.  SNR  was  defined 
as  peak-to-peak  signal/rms  noise.  The  highlight  luminance 
was  65  cd/m^  (19  fL).  The  ambient  illumination  came 
from  "softly  illuminated"  gray  walls.  Seven  subjects  (engi- 
neers) served  as  observers,  and  each  made  one  judgment 
under  every  condition;  therefore  each  data  point  is  the 
average  of  seven  judgments  (Ref.  26,C). 

A description  of  the  quantizing  process  can  be  found  in 
Figures  4.1-5  and  4.4-13. 
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Figure  4.3-44.  Effect  of  Quantuing  Levels  and  Number  of  Scan  Lines  on  Vehicle  Identification 
From  Spot-Scan  Transparencies 


SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3  6 QUANTIZING  LEVELS  (CONTINUED) 


Figure  4.3-44.  Effect  of  Quantizing  Levels  and  Number 
of  Scan  Lines  on  Vehicle  Identification  From  Spot-Scan 
Transparencies.  Spot  scan  transparencies  were  prepared 
from  nadir  photographs  of  scale  models  of  military  vehi- 
cles. Seven  quunti:ii\)(  levels,  t,  2,  3,  4.  5,  6,  and  7 bits  (2. 
4,  8,  16,  32,  64,  and  128  levels),  and  three  different  num- 
ber of  scans  per  vehicle,  20,  30,  and  '15,  were  used.  A 
complete  set  of  transparencies  was  prepaied;  i.e.,  for  each 
quantizing  level,  all  thiec  line  scan  levels  were  used 
(Ref.  35,B). 

A Gaussian  spot  with  a 2o  diameter  of  0.55  mm  (0.022 
in)  was  used  loth  to  sample  the  photographs  and  print  the 
transparencies.  The  spot  spacings  for  sampling  and  print 
ing  were  also  identical  (0.54  mm,  0.021  in).  The  spacing 
between  scan  lines  was  equal  to  the  spot  spacing,  making 
the  sample  spacing  equal  in  both  the  horizontal  and  verti- 
cal dimensions.  Since  the  spot  size  and  spacing  remained 
the  same  for  all  three  scan-line-per-targct  conditions,  the 
scale  of  the  targets  was  in  the  same  ratio  as  the  number 
of  lines. 

Except  for  the  1-bit  and  2-bit  levels,  quantizing  was  non- 
linear and  was  carried  out  as  shown  in  Figure  4.3  44(a). 
The  example  shown  is  for  3-bit  encoding  (8  levels).  The 
truiiKitiiliamv  histoyraiii  was  divided  into  equal  areas 
under  the  curve;  i.e.,  equal  probability  of  occurrence, 
except  for  the  background  and  border  araas,  to  which  one 
gray  level  each  was  assigned.  Note  that  this  results  in  a 
nonlinear  assignment  of  transmittance  levels. 

Each  transparency  contained  images  of  25  vehicle  rhodels. 
Performance  was  measured  in  percent  of  vehicles  that  were 
properly  identified.  Scale  models  of  the  vehicles  were  on 
display  during  the  test.  Viewing  distance,  vi'  jal  angles 
subtended  by  the  targets,  their  contrast,  and  luminance 
levels  were  not  reported.  Figure  4.3  44(b)  shows  perform- 
ance as  a function  of  quantizing  levels  for  each  scan-line- 
per-vehicle  level.  Figure  4.3-44(c)  shows  the  same  data 


plotted  as  a function  of  performance  level.  Figure  4.3- 
44(d)  shows  the  results  plotted  for  each  scan-line  condi 
tion  as  a function  of  the  total  number  of  bits  per  vehicle. 
The  total  number  of  bits  per  vehicle  was  defined  as 
follows: 

Bits/vehicle  = A'^, 

where; 

A'  = sampling  elements/vchicle 
f>  = bits  of  transmittance  associated  with 
each  sampling  element. 

Since  the  number  of  sampling  elements  is  equal  to  the 
square  of  the  sampling  parameter  (scans/vehicle) 

A'  = (scans/vehicle)^ 


The  number  of  sampling  elements/vehicle  is  proportional 
to  the  size  of  the  scene  object,  which  varied  somewhat 
among  vehicle  models.  At  the  lowest  value  of  the  sampling 
parameter  (20  scans/vehicle),  there  were  approximately 
244  sampling  elements  over  the  image  of  the  smallest 
vehicle  and  about  315  sampling  elements  over  the  largest. 
The  abscissa  in  the  figure  reproduced  here  as  4.3-44(d) 
was  scaled  to  correspond  to  an  average  of  280  sampling 
elements  for  this  case. 

The  results  indicate  that  for  a given  performance  level  the 
number  of  quantizing  levels  is  inversley  related  to  the  num- 
ber of  scan  liner  per  vehicle.  However,  information  require- 
ments in  terms  of  total  bits  per  scene  are  directly  related 
to  the  number  of  scan  lines  per  vehicle  at  a given  perfor- 
mance level.  A description  of  quantizing  can  be  found  in 
Figures  4.1-5  and  4.4-13.  Spot  shape  i^'lasctibcd  in  Figure 
4.1-9,  and  a study  on  the  effects  of  spof  shape  on  image 
quality  is  reported  in  Figures  4.3-56  and  4.3-57. 
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SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.7  IMAGE  MOTION 


Wliile  several  of  the  studies  reported  in  Section  4..^.1 
involved  moving  images,  none  investigated  the  effects  of 
the  motion  itself.  Many  studies  have  been  done  on  the 
effects  of  image  motion  in  other  types  of  displays  (see 
Section  -TIO),  but  none  involved  the  use  of  a television 
camera  or  CRT. 

Both  TV  canteras  and  CRT’s  have  ciiaractcristics  that 
degrade  the  quality  of  moving  images.  In  the  case  of  the 
camera,  both  the  frame  time  and  residual  image  left  after 
each  scan,  called  contribute  to  tlie  degradation.  In 
CRT’s  the  phosphor  persistence  is  the  source  of  the 
degradation. 

Four  studies  are  reported  in  this  section.  The  first 


involves  judged  quality  comparisons  between  two  mov- 
ing images  of  different  resolution.  The  second  is  a 
performance  study  that  shows  interactions  between  the 
scan  lines  per  target  and  target  orientation,  as  a function 
of  image  velocity.  The  third  is  a performance  study  in 
which  the  target  motion  was  erratic  in  the  manner  th,", 
would  be  expected  in  images  from  guided  weapons 
being  affected  by  atmospheric  turbulance.  The  fourth 
concerns  the  effect  of  combined  hori/'ontal  and  vertical 
jitter  on  image  qualify  judgements. 

Data  concerning  the  influence  of  image  nrotion  on  the 
resolution  of  a TV  camera  are  reported  in  Figure  4.4-24. 
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SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.7  IMAGE  MOTION  (CONTINUED) 


Figure  4.3-45.  Relationship  Between  Bandwidth,  Image 
Motion,  and  Judged  Image  Quality.  A series  of  compari- 
sons were  made  between  two  images  of  a moving  object 
presented  sequentially  on  a CRT.  One  image,  the  test 
scene,  was  transmitted  at  the  fixed  bandwidth  common  to 
all  tests  (1  MH?);  the  other,  the  comparison  scene,  was 
transmitted  with  various  amounts  of  bandwidth  reduction 
keepinrj  the  number  of  TV  lines  constant  (Ref.  2G,C).  As  a 
result,  a reduction  in  bandwidth  reduced  the  resolution  in 
the  horizontal  direction  only.  (See  Figure  4.1-6  for  discus- 
sion of  relationship  jetween  horizontal  resolution  and 
bandwidth.)  7he  observers  were  asked  to  compare  the 
quality  of  the  second  Image  with  that  of  the  first,  and  to 
rate  the  degradation  caused  by  the  bandwidth  reduction 
on  the  six-point  scale  shown  below. 

Scale  Judged 

value  degradation 


A Not  perceptible 

B Just  perceptible 

C Definitely  perceptible  but  not  disturbing 

D Somewhat  objectionable 

E Definitely  objectionable 

F Extremely  objectionable 

Tests  were  conducted  on  two  targets,  one  with  a large 
number  of  high-contrast  edges  (a  series  of  vertical  strips) 
and  one  with  very  few  high  contrast  edges  (a  tuppence). 
The  targets  moved  in  the  horizontal  direction  only. 

The  results  show  the  relative  lack  of  sensitivity  of  moving 
images  to  bandwidth  reduction.  The  table,  taken  from 
Figure  4.3-45(a),  shows  that  while  a 37-percent  reduction 
in  bandwidth  produced  a just-perceptible  degradation  for 
.30  image  with  no  motion,  a 62-percent  reduction  was 
needed  to  produce  the  same  effect  between  two  images 
moving  at  the  rate  of  0.54  picture-widths/second.  It  is 
important  to  remember,  when  int'-rpreting  these  results, 
that  the  comparisons  were  made  between  two  images 
moving  at  the  same  speed  and  do  not  represent  a direct 
measure  of  the  loss  of  resolution  caused  by  the  motion. 
The  latter  data  would  be  obtained  by  compa.'ing  a moving 
test  image  with  a still  comparison  image. 

A comparison  of  the  two  graphs  in  this  figure  shows  that 
while  the  smaller  absolute  bandwidth  shifts  are  required 
for  the  picture  with  fewer  high-contrast  edges  (Figure 
4.3-45(b),  the  range  of  shifts  induced  by  motion  is  similar. 

A 271-1  V-line  system  with  a 30-Hz  frame  rate  and  a line 
interlace  ratio  o*  2:1  was  used  for  the  tests.  The  subjects 
sat  at  a distance  of  0.9m  (36  in)  from  the  display,  where 
the  raster  subtended  a visual  angle  of  8 degrees. 
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SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGER'' 

4.3.7.  IMAGE  MOTION  (CONTINUED) 


Figure  4.3-46.  The  Effect  of  Imago  Motion  on  the  Detec- 
tion of  the  Orientation  of  a LancJolt  Ring  in  a TV  Dis- 
play. A l.uihliill  niii;  is  a fretiuemly  used  target  for  testing 
visual  trerformance.  It  is  a hroken  ring  in  which  the  gap  is 
equal  to  the  width  of  the  line.  In  visual  acuity  tests,  the 
rii.y  is  rotated  and  the  observer  is  asked  to  report  its  oricn 
tajon  (e.g.,  the  gap  at  the  top,  bottom,  left  side,  etc  ).  In 
the  study  repotted  in  this  figure,  a Landolt  ring  moved 
across  the  mcnitoi  of  a closed  circuit  television  system  at 
vari  -'ns  laies.  The  ability  to  detect  the  orientation  of  the 
ring  was  measured  as  a function  of  image  velocity  and  the 
number  of  scan  lines  per  gap  width.  Part  (a)  of  thi-i  figure 
shows  the  results  as  a function  of  gap  si?e  and  rate  of 


notion  averaged  across  all  orientations  used  in  the  st.idy 
(upper  left,  upper  right,  tower  left  and  lower  right)  Parts 
(h)  through  (e)  show  the  effects  of  gap  orientation  (Ref. 
27. B), 

The  data  were  ccKec'.ed  on  a 525-TV-l'ne  system  with  a 
bandwidth  of  10  MHz  and  a SNR  greater  than  30  dB.  The 
raster  had  a 2 1 interlace  with  a field  rate  of  60  Hz  and  a 
frame  rate  of  30  Hz.  Amh'ent  illumination  on  the  face- 
plate was  less  than  32  lux  (3  fc). 

The  results  ate  averaged  for  four  studies  using  from  5 to 
12  subjects. 
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Figure  4.3-47.  The  Effect  of  Image  Motion  on  the  Detection  of  the  Orientation  of  a Square 
Wave  Grating  Displayed  on  a CRT  >i  o ci 
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4.3.7.  IMAGE  MOTION  (CONTINUED) 


figure  4.3-47.  The  Effect  of  Image  Motion  on  the  Detec- 
tion of  the  Orientation  of  a Square-Wave  Grating  Dis 
played  on  a CRT.  A $quare  wave  grating  was  moved 
across  the  TV  display  generated  by  a closed-circuit  tele- 
vision system.  The  observer's  task  was  to  report  the  orien- 
tation of  the  grid. 

Performance  was  measured  as  a function  of  grid  orienta- 
tion, direction  of  travel  (along  or  across  the  scan  lines), 
and  velocity. 

Four  grid  orientations  were  used:  vertical,  horiaontal, 
slanted  45  degrees  to  the  left,  and  slanted  45  degrees  to 
the  right.  The  results  indicate  a strong  interaction  between 
the  orientation  of  the  grid  pattern  and  the  direction  of 
motion.  This  is  shown  by  the  changes  in  performance  for 
a given  grid  orientation  (ietween  part  (a)  of  this  figure, 
which  shows  performance  for  movement  across  the  scan 
lines,  and  part  (bl,  which  shows  performance  for  move- 


ment along  the  scan  lines.  Parts  (c)  through  (f)  show  per- 
formance as  a function  of  grid  orientation,  number  of 
scans  per  grid,  and  image  velocity  for  movement  across 
the  scan  lines.  The  effect  of  grid  orientation  on  perform- 
ance reflects  the  effects  of  the  one-dimensional  sampling 
process  of  line  scan  systems  (Ref.  27. B). 

As  image  velocity  increases,  the  time  the  target  is  visible 
on  the  display  is  reduced.  The  times  in  this  experiment 
were  1.2  seconds  for  the  lowest  velocity  and  0.6  second 
for  the  highest.  These  time  differences  must  be  taken  into 
consideration  in  interpreting  the  results  shown  here.  That 
is,  the  lowest  performance  scores  were  associated  with  the 
shortest  times  as  well  as  the  highest  velocity. 

The  experimental  apparatus  used  was  the  same  as  that 
described  in  Figure  4.3-46.  The  results  were  averaged  over 
two  studies,  which  used  5 and  6 subjects  respectively. 
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Figure  4.3-48.  The  Effect  of  Image  Motion  on  the  Iden- 
tification of  Vehicles  Displayed  on  a CRT.  The  ability  of 
observers  to  distinguish  between  TV  image.'  of  model  mili- 
tary vehicles  and  objects  closely  resembling  the  vehicles 
was  tested  as  a function  of  image  velocity  and  number  of 
scan  lines  across  the  vehicles. 

The  results  are  shown  in  the  accompanying  graph.  In 
interpreting  the  results,  the  same  precaution  must  be 
taken  as  with  Figures  4.3-46  and  4.3-47.  That  is,  as  image 
velocity  increases,  the  time  that  the  target  is  visible  on  the 
display  decreases.  For  this  study  these  times  were  1.2 
seconds  for  the  lowest  velocity  and  0.6  second  for  the 
highest  (Ref.  27,B), 

The  experimental  apparatus  was  the  same  as  described  in 
Figure  4.3-46.  Six  subjects  were  used  and  each  subject 
made  72  observations. 
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4.3.7  IMAGE  MOTION  (CONTINUED) 


MOTION  RATE  (degrees/per  secondi 


Figure  4.3-49.  Effect  of  Image  Motion  in  CRT  on  Target 
Detection  Performance.  These  results  are  from  the  same 
study  reported  in  Figure  4.3-55.  The  target  motion  simu- 
lated the  movement  caused  by  atmospheric  turbulence 
acting  on  a TV  guided  weapon  closing  in  on  a target.  The 
effect  of  such  motion  is  that  the  target  moves  about  in  an 
unpredictable  fashion.  In  this  study  the  target  was  always 
within  the  field  of  view.  The  average  rates  of  the  motion, 
representing  th.-ee  conditions  of  turbulence,  were  0.25, 
1.33,  and  3.25  degrees  per  second.  The  maximum  rates 
were  approximately  3 times  these  numbers. 

The  authors  speculate  that  the  reason  the  visual  angle  for 
correct  detections  did  not  increase  between  the  1.33-  and 
3.25-degree-per-second  conditions  is  that  the  subjects 
learned  that  the  relative  motion  increased  as  the  missile 
neared  the  target:  as  a result,  they  made  their  decisions 
that  the  target  had  been  detected  earlier  in  the  flight.  In 
each  case  the  accuracy  of  the  decision  was  checked  by 
requiring  the  subject  to  place  a cursor  around  the  target 
area  (Ref.  28,D). 

Additional  information  on  the  study  conditions  can  be 
found  in  Figure  4.3-55. 


Figure  4.3-50.  Effect  of  Image  Unsteadiness  on  Judgment 
of  CRT  Picture  Quality.  Scenes  typical  of  those  found  in 
commercial  TV  were  caused  to  exhibit  unsteadiness  in 
both  hori?ontal  and  vertical  axes  while  being  displayed  on 
a CRT.  A group  of  20  observers  rated  the  image  quality 
from  the  standpoint  of  its  acceptability  based  on  its 
appearance  (Ref.  29,C).  The  rating  scale  used  was  as 
follows: 

Scale  Judged  image 

value  degradation 


1 Imperceptible 

2 Just  perceptible 

3 Definitely  perceptible  but  not  disturbing 

4 Somewhat  objectionable 

5 Definitely  objectionable 

6 Unusable 

The  results  shown  here  are  for  still  scenes.  It  was  reported 
that  for  scenes  with  movement  in  them,  more  unsteadi- 
ness could  be  tolerated.  Both  the  period  and  amplitude  of 
the  unsteadiness  contributed  to  the  rating.  The  observers 
sat  at  a distance  of  approximately  6 times  the  vertical 
picture  height  from  the  display.  The  amplitude  of  move- 
ment, along  with  this  approximate  viewing  distance,  was 
used  in  the  present  report  to  calculate  the  values  for  the 
visual  angle  of  the  movement  shown  on  the  right-hand 
ordinate. 

A description  of  the  viewing  system  was  not  given,  but 
since  the  authors  were  British,  it  might  be  assumed  that  it 
was  a standard  British  625-TV-line  system  with  2:1  inter- 
lace and  a 1 /25-second  frame  time.  Highlight  luminance 
was  not  reported.  Ambient  illumination  was  at  a "typical" 
room  level. 
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4.3.8  COLOR  CRT  DISPLAYS 

The  use  ol  eolor  ( IM’s  lor  iinupe  iriier|iu  i.itioi'  work, 
particularly  in  the  area  of  ,t,Trn  uvic  color  coiling  lor 
iinaee  maiiipulalion  purposes,  is  iuereasiiie  rapiilly. 
linl'orlunalely  very  lew  ima[;e  inierptelalioit  siuJie.s 
have  been  eorulueleJ  itsint;  ihese  rieviees.  One  sltuiy  is 
reported  here  whieh  eoinpares  perl'orinanee  ou  eolor  atrd 


hlaek  aitd  while  TV'  iiuapei)  I'or  the  idenliriealioii  of 
luilit.iry  vehieles,  l ijriiie  4..^-4.1  pives  the  results  of  a 
eoinparisou  between  color  and  black  anil  while  judyed 
image  ijualily  lor  i)uanli/ed  imagery  as  a function  of 
1 V line  duller. 


Figure  4.3-51.  Detection  of  Tsnks  on  Color  Versus  Black 
and  White  Television.  Models  of  military  vehicles  (tanks! 
painted  either  brown,  green,  or  gray  were  mounted  on  a 
terrain  model  in  such  a manner  that  three  values  of  target 
•to  background  luminance  contrast  were  obtained,  0,  -0.3, 
and  -rO.3.  Contrast  was  defined  as  ^t~*-b  where  Lj  is  the 

*-b 

target  luminance  and  L|^  is  the  background  luminance. 
Two  background  colors  were  used,  green  and  brown.  In 
addition  to  target  color,  target  to-background  luminance 
contrast,  and  background  color,  three  levels  of  resolution 
were  used:  25,  35,  and  300  TV  lines.  The  differences  in 
resolution  were  measured  on  a RETMA  chart  (Ref.  5)  and 
obtained  by  defocusing  the  TV  camera  lens.  The  same 
monitor  was  used  for  presenting  the  color  and  black  and 
white  targets.  The  targets  were  viewed  at  a 12  degree 
obliquity  (from  nadir).  The  camera  moved  over  the  dis- 
play model  at  a constant  rate  and  the  targets  were  in  the 
field  of  view  for  10  seconds.  Only  one  target  was  pre- 
sented at  a time,  and  each  subtended  a visual  angle  of  25 
arc  minutes.  Performance  was  measured  as  the  percentage 
of  targets  detected. 

The  results  indicated  that  the  color  presentation  was 
superior  to  the  black  and  white  one  except  for  the  posi- 
tive contrf.st  condition,  where  they  were  equal  (Re*. 

18,0. 

Caution  must  be  used  in  generalizing  these  results  to  all 
black  and  white  versus  color  TV  presentations.  Because  of 
the  aperture  mask  and  phosphor  matrix  on  color  moni- 
tors, the  black  and  white  image  displayed  on  a color  CRT 
has  somewhat  different  characteristics  than  the  image  for 
the  same  signal  presented  on  a high-quality  black  and 
white  monitor.  The  TV  system  was  a 525-TV-line  NTSC 
unit  (see  Figure  4.1-1 1).  The  phosphors  had  the  following 
tristiinulus  values; 

X Y 


Red  0.654  0.335 

Green  0.290  0.600 

Blue  0.150  0.065 

(See  Section  5. 2. 1.3  for  a description  of  the  tristimulus 
method  of  specifying  chromaticity.)  The  color  tempera- 
ture of  the  white  signal  was  set  at  6500°K. 

Ten  observers  were  used  in  the  study,  only  three  of  whom 
had  previous  experience  in  target  acquisition  studies. 
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4.3.9  EDGE  SHARPENING 

/.i/.t'c  sharpvnin^  is  an  iniauo  inanipiilaiitin  lechniiiiic  lor 
incrcasiiii;  llic  luminaiiso  uradiciU  between  two  areas  in 
an  imape.  llie  purpose  is  to  improve  the  visual  percep- 
tion of  details  in  tire  imairery.  In  the  study  reported  here, 
tire  sharpeninj:  was  doite  on  the  videtr  signal  by  taking 
the  stroiij  ilcrivalin'  of  that  signal  atrd  subtracting  it 
from  the  signal.  The  formula  used  was: 

>-'i  = e^j  - (</-e/r/f) 


Figure  4.3-52.  Effect  of  Edge  Sharpening  on  Target 
Recognition  Performance  for  Images  Displayed  on  a 
CRT.  The  data  presented  here  are  from  the  same  study  as 
those  shown  in  Figure  4.3  5 (Ref.  4,0,  and  have  been 
reptotted  to  show  the  effect  of  the  edge  sharpening  tech- 
nique employed.  The  data  for  the  percent  of  correc* 
recognitions  are  shown  in  part  (a)  and  for  errors  of  omis- 
sion in  part  (b).  The  edge  sharpening  was  accomplished  by 
subtracting  the  second  derivative  from  the  video  signal  as 
follows: 

ej  = e^  - (r/^e/r/t^) 

where 

ej  = the  edge  sharpened  signal 

ejj  = the  original  video  signal 

There  enhancement  levels  were  tested-none,  1:1,  and 
3.5:1 -where  the  ratio  was  applied  as  a multiplier  to  the 
derivative  before  subtraction.  The  results  showed  an  inter- 
action between  the  level  of  enhancement  and  SNR,  with 
the  high  enhancement  levels  producing  the  poorest  per- 
formance and  most  errors  of  omission  at  the  lowest  SNR 
and  the  best  performance  and  lowest  errors  of  omission  at 
the  highest  SNR  (Ref.  4,0.  Details  of  the  equipment, 
procedures,  and  subjects  used  in  this  study  can  be  found 
in  Figures  4,3-5  and  4.3-34. 


where 

c’j  = the  edge-sharpened  signal  and 
Cl,  = the  original  signal 

The  rc.sulis  of  the  study  indicate  that  the  technique 
impaired  performance  at  low  SNK's  and  improved  it  at 
high  SNU's(Ref.  4.C). 
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4.3.10  VIEWING  DISTANCE 

Figure  4..1-2K  sliowcil  how  viewing  disi.nice  j;id  .S\R 
inliracled  lo  .nlluenee  target  ileteelion  lltreslioKIs  I'or 
sine-wave  largets.  I’leletred  distances  tin  casual  viewing 
pitrposes  have  been  investigated  and  were  found  lo  be  a 
lunclion  of  picture  height.  The  values  fall  in  a range 
from  4 lo  S limes  the  picinte  height  for  standard 
broadcast  systems. 

The  distance  is  inlluenced  by  the  TV  line  number  of  the 
system.  Shorter  vi.'wing  distances  are  preferred  for 
syslents  of  higner  line  number.  This  suggests  that  the 
visibility  of  the  raster  plays  a role  in  determining  how  far 


from  the  moitilor  the  casual  observer  wan.s  lo  sit.  The 
visibility  of  the  line  structure  in  f UT  displ.iys  inlmduces 
considerations  beyond  those  presented  in  Section  ,T(). 
The  nature  of  the  noise  hr  the  CRT  disp'ay  is  also  an 
inlliiencing  factor  (see  Figure  4J-2')). 

In  the  study  reported  in  Figure  4.,1-5.‘i,  it  was  found  that 
changing  the  visual  si/e  of  the  display  by  changing  its 
distance  from  the  observer  did  trot  affect  the  number  of 
I V lines  per  target  required  b«r  recognition  over  a range 
of  2.1  cm  to  4 cm  (‘>.2  to  .1.1. .1  in). 


Figure  4.3-53.  Relationship  Between  CRT  Resolution, 
Picture  Size,  and  Preferred  Viewing  Distance.  In  many  of 
the  studies  reported  in  this  section,  the  'dewing  distance  is 
given  as  a function  of  picture  height.  The  usual  distance  is 
4 to  8 times  the  picture  height  (for  a picture  whose  height 
is  35.5  cm  (14  in),  the  viewing  distance  would  be  'i.4m 
(55  in)  to  2.8m  (110  in).  These  values  have  been  estab- 
lished from  studies  such  as  the  one  reported  in  this  figure 
(Ref.  30,X). 

In  this  study,  nine  observers  were  allowed  to  choose  the 
distance  from  which  they  wished  to  observe  pictures  of 
405  TV  lines  and  625  TV  lines  presented  at  bandwidths  of 
7 MHz,  3 MHz,  1.5  MHz,  and  0.75  MHz  (Ref.  29).  The 
results  indicate,  not  surprisingly,  that  preferred  viewing 
distance  decreases  as  resolution  increases.  From  the  stand- 
point of  transfer  of  information  from  the  CRT  to  the 
observer,  the  viewing  distance  is  of  great  importance.  If 
the  distance  is  so  great  that  the  smallest  displayed  element 
is  below  the  resolution  limit  of  the  visual  system,  informa- 
tion will  be  lost.  For  a 525-line  NTSC  system,  the  dis- 
played resolution,  after  taking  the  Kell  factor  into  con- 
sideration, is  about  343  TV  lines  (171  cycles;  see  Figure 
4.1.6).  For  a tube  with  a picture  height  of  35.5  cm  (14  in), 
a single  line  (Vi  cycle)  will  subtend  1 arc  minute  at  approx- 
imately 57  inches,  or  4.1  times  the  picture  height.  View- 
ing from  a distance  equal  to  8 times  the  picture  height 
would  mean  that  1 arc  minute  would  subtend  approxi- 
mately two  TV  lines,  and  information  would  be  lost  in 
high  frequency,  low  contrast  targets.  The  optimum 
viewing  distance  for  information  extraction  as  a function 
of  TV  parameters  has  not  been  tested 


Nine  observers  were  used  in  this  study,  and  each  made 
four  observations  under  eight  conditions  of  bandwidth 
and  TV  line  number.  Smooth  curves  were  fit  to  the  data, 
as  shown.  The  straight  tangent  to  the  two  curves  at  their 
inflection  points  is  the  extrapolated  locus  of  the  inflection 
points  for  systems  of  other  TV  line  numbers. 
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4.3.11  DISPLAY  SIZE 

I he  basic  considciaiioiis  tor  solectins:  a display  si/e  pisen 
ill  Section  .1.5  are  valid  for  CK  I 's  provided  that  proper 
attention  is  piven  to  'he  visibility  ol  the  scan  lines.  Siiwe 
the  nuinher  of  scan  lines  per  raster  heipht  is  constant  lor 
a piven  system,  increasinp  the  physical  si/e  of  the  CRT 
will  increase  tlic  si/e  of  the  scan  lines  also.  At  some 
point  the  individual  lines  will  subtend  visual  anph.slarpe 


eiiouph  to  make  the  line  structure  hiphly  visible  and 
annoyinp.  The  visual  angle  can  lie  reduced  in  such  cases 
by  increasing  the  viewing  distance  to  the  display,  hut 
since  the  larger  displays  are  more  e.spensivc.  this  solution 
is  not  economical.  A discussion  of  some  of  the  factors 
allecting  the  visibility  of  th  scan  lines  can  be  found  in 
Figures  4.4- 1 0 and  4.4- 1 S. 


DISPLAY  SIZE 
Irlegrees) 

0 5 to  15  20  25 


DISPLAY  SIZE 
(degrees) 

5 10  15  20  25 


Figure  4.3-54.  Effect  of  Target  Size  and  Contrast  on  Tar- 
get Detection  Accuracy  and  Time.  In  the  experiment 
reported  here,  the  field  of  view  with  respect  to  the  target 
area  was  held  constant  and  the  display  size  was  varied  by 
decreasing  the  scale  of  the  image,  with  the  smaller  scale 
images  occupying  only  part  of  the  raster.  The  number  of 
TV  lines  on  both  the  camera  and  display  remained  con- 
stant, so  the  changes  in  scale  were  accompanied  by  equiva- 
lent changes  in  the  number  of  lines  subtended  by  the  tar- 
gets. This  meant  that  the  resolution  increased  with 
increasing  display  size.  In  terms  of  the  average  number  of 
TV  lines  per  target,  the  resolution  varied  from  7 to  26.2, 
The  results  indicated  that  there  was  no  change  in  target 
detection  performance  as  a function  of  resolution.  The 
authors  attributed  this  to  the  fact  that  the  lowest  resolu- 
tion was  adquate  for  the  target  detection  task  used  (Ref. 
31,0. 

The  visual  angle  subtended  by  the  displays  and  that  of  the 
targets  within  them  were  varied  by  varying  the  viewing 
distance  to  the  display.  The  changes  in  performance  that 
were  observed  as  a function  of  changes  in  visual  angle  are 
shown  in  part  (a)  of  this  figure  for  target  detection  per- 
formance and,  in  part  (bl  for  the  amount  of  time  used  to 
find  the  target.  The  figures  given  for  the  visual  angles  sub- 
tended by  the  target  are  approximate  because  oblique 
imagery  was  used,  causing  the  scale  to  increase  from  the 
top  to  the  bottom  of  the  image.  The  numbers  reported  are 
the  average  scale  values. 

The  test  material  was  prepared  from  photographs  of 
models  of  four  types  of  military  vehicles.  The  vehicles 
were  located  on  a terrain  model,  and  only  one  vehicle 
appeared  in  each  photograph.  Two  levels  of  target  con- 
trast were  used,  an  olive  drab  vehicle  located  on  a sandy 
background  and  a flat  black  vehicle  located  on  a foliage 
background.  The  search  t'me  was  limited  to  3 seconds  per 
scene. 

Three  sets  of  six  subjects  were  used,  whose  backgrounds 
ranged  from  office  workers  to  Marine  Corps  aviators.  Each 
subject  had  216  trials  consisting  of  1 f lal  on  each  24 
scenes  for  nine  resolution-scale  combinations. 


A 1,035-TV-line,  2:1  interlaced  system  was  used  with  a 
60-Hz  field  rate  and  30-Hz  frame  rate.  The  SNR  was 
reported  as  40  dB  minimum.  System  bandwidth  was  25 
MHz.  Ambient  illumination  was  less  than  6.8  cd/m^  (2 
fL)  on  the  face  of  the  CRT.  Average  raster  luminance, 
highlight  luminance,  and  target  contrast  were  not 
reported. 


i. 
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4.3.11.  DISPLAY  SIZE  (CONTINUED) 


Figure  4.3-55.  Effect  of  Display  Si/e  and  Image  Si/e  on 
Target  Detection  in  CRT  Imagery.  In  the  study  repotted 
here,  it  was  found  that  the  visual  angle  required  to  detect 
a target  increased  with  inc.eases  in  the  visual  angle  sub- 
tended by  the  ' play  (TV  monitor)  (Ref.  29, D).  The 
increase  was  ainiost  directly  proportional  to  the  tangent 
of  the  angle  subtended  by  the  vertical  dimension  of  the 
monitor.  Part  (a)  of  this  figure  shows  this  relationship  as 
a function  of  visual  angle  subtended  by  the  monitor  and 
the  visual  angle  required  for  target  detection.  The  display 
size  was  varied  by  using  different  size  monitors  and  view- 
ing distances.  No  dit'nrence  in  performance  was  found  as 
a function  of  the  physical  size  of  the  monitor.  Part  (b) 
shows  the  probability  of  detection  as  a function  of  visual 
angle  and  TV  lines  per  target.  These  results  suggest  that 
the  number  of  lines  per  target  rather  than  the  visual  angle 
was  the  major  factor  in  target  detection  in  this  study. 

The  subjects'  task  in  this  study  was  to  detect  a target  in  a 
dynamic  display.  The  display  simulated  a forward-looking 
TV  system  i.n  a TV  guided  weapon  that  was  flying  directly 
toward  the  target.  The  target  moved  around  within  the 
field  of  view  in  a manner  similar  to  the  motion  that  would 
be  produced  by  atmospheric  turbulence.  Three  levels  of 
motion  were  used,  the  average  rates  of  which  were:  0.25, 
1.33,  and  3.25  degrees  of  visual  angle  per  second.  The 
effects  of  this  motion  on  target  detection  performance  are 
shown  in  Figure  4.3-49.  The  simulated  attacks  were  pre- 
pared by  using  a zoom  lens  on  a television  camera  and 
transparencies  prepared  from  aerial  photographs  of  actual 
targets.  The  targets  included  such  items  as  a factory,  sev- 
eral bridges,  antiaircraft  guns,  an  aircraft,  barges,  and  oil 
tanks.  The  obliquities  varied  and  were  not  reported. 

The  camera  and  all  of  the  monitors  were  525-TV-line,  2:1 
interlace  systems.  Highlight  brightness  varied  between 
monitors  from  166  cd/rr?  (48.5  fL)  to  218  cd.'m'  (63.8 
fL)  as  measured  on  step  1 of  the  RETMA  chan  (Ref.  5) . 
Resolution  measured  in  the  center  of  the  display  varied 
from  250  TV  lines  horizontal  and  300  TV  lines  vertical 
for  the  smallest  monitor  to  325  '.  V lines  horizontal  and 
400  vertical  for  tfie  largest.  The  length  of  the  trials  varied 
from  20  to  140  seconds,  with  a mean  of  69  seconds. 


Sixteen  military  and  civilian  personnel  served  as  subjects. 
Each  subject  was  given  64  trials,  with  the  targets  and  con- 
ditirns  balanced  across  all  subjects. 
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4.3.12  SPOT  SPREAD  FUNCTION 

In  optical  liiK'-scaii  iniaijc  (!cncrators.  tlic  spread  function 
ol  the  printinj:  spot  tan  be  varicii  by  placinj;  appropri- 
ately shaped  filters  in  the  optical  train.  The  shape  of  the 
spread  function  can  be  manipulated  to  provide  different 
distributions  of  the  overlap  between  adjacent  lines  or 
spots.  The  distribution  of  the  overlap  effects  both  the 
appearance  of  the  imagery  and  the  amount  of  resolution 
and  contrast  loss  created  by  the  blending  of  the  signals 
from  adjacent  lines  or  spots  at  their  points  of  contact.  In 
the  siudy  reported  here,  nine  different  point  spread 
functiuis  were  judged  on  two  criteria: 

• Information  content 

• Ability  to  maintain  information  content  when  spot 
position  errors  are  introduced  by  the  priming 


A (/tiadraiic  interpolator  was  found  best  for  imiigery 
with  no  printing  errors.  A linear  interpolator  was  sligntly 
better  than  the  quadratic  interpolator  in  the  presence  of 
jitter  and  handing  errors. 

Descriptions  of  the  interpolation  functions  can  be  found 
in  Figure  4.3-.‘>6. 

Data  on  the  judged  information  content  in  the  presence 
of  these  errors  are  reported  in  Section  4.3.13.  Figure 
4.3-57. 
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4.3.12  Sp\t  spread  FUNCTION  (CONTINUED) 
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LEGEND: 


NORMALIZED  SPATIAL  FREQUENCY 
(frequency  of  signal/sampling  frequency) 


HANNING  INTERPOLATOR 
105%  GAUSSIAN  APERTURE 
COSINE  APERTURE 
LINEAR  INTERPOLATOR 
HALF  WAVE  RECTIFIED  SINC 
QUADRATIC  INTERPOLATOR 


LINEAR  INTERPOLATOR 


QUADRATIC  INTERPOLATOR 


HANNING  INTERPOLATOR 
REF.  32,B 


SINC^,(k  = 1)  ^ Where  .rte  two  dimentional  point  tp'ead  function  is: 

° [ h (x.y)  = iU  sinc^  (!ii!)  sinc^  (iBf)  : a-  spot  spacing 

SINC/,  (k  = 0.6)  j a?  a a 

Figure  4.3-56.  Judged  Quality  of  Spot  Scan  Transparencies  as  a Function  of  Spot  Spread  Function 


4.3-71 


SECTION  4.3  DATA  FROM  LABORATORY  STUDIES  ON  SAMPLED  IMAGERY 


4.3.12  SPOT  SPREAD  FUNCTION  (CONTINUED' 

Figure  4.3  56.  Judged  Quality  of  Spot  Scan  Transparen- 
cies as  a Function  of  Spot-Spread  Function.  Nine  dif- 
ferent spnl-sprcikl  were  used  to  reproduce  a 

digitized  aerial  scone  containing  several  types  of  targets 
(Fief.  32.B).  (Srre  Figure  4.1-10  for  a discussion  of  spot 
shaiie.) 

The  imagery  was  prepared  on  a liiir-S(  un  ii))iit;i‘  );ciur'itor, 
with  operating  principles  similar  to  those  described  in 
Figure  4.1-16. 

The  digitized  input  image  was  sampled  in  two  dimensiu  .s, 
so  it  was  printed  a spot  at  a time.  (S''e  Figure  4.1-4  for  a 
discussion  of  two-Jinwiisioiial  sampling.)  The  resulting 
transparencies  were  judged  for  their  in'orma.ion  content 
by  three  observers  familiar  with  image  I'uality  research. 
Emphasis  was  placed  on  judging  for  information  content, 
not  pleasing  appearance.  The  observers  were  allowed  to 
use  any  viewing  distance  they  wished,  and  tube  magnifiers 
were  available  if  they  wished  to  use  them  The  contrast 
and  density  of  the  imagery  were  not  reported. 

In  performing  the  quality  judgments,  each  subject  viewed 
the  transparencies  (or  all  nine  spot  functions  at  one  time. 
They  were  ranked  from  1 for  the  best  to  9 for  the  worst. 

The  spread  functions  used  are  listed  below: 

• Linear  interpolator 

• Quadratic  interpolator 

• Cosine 


• 105-peiccnt  Gaussian 


• Sine  , k “ 0.6 

• Sinc^,  k 0.8 

• Sinc^,  k = 1 .0 


Where  the  two-dimensional  point- 
spread  function  is: 

2/ k»\  2 /kv\ 

hlx.v)  — sme  ^ J sme  ^ — j 


a- 

and  a = spot  spucing. 


• Half-wave  rectified  sine 

• Hanning  interpolator 


One-dimensional  representations  of  the  manner  in  which 
the  three  interpolation  functions  distribute  signal  strength 
between  adjacent  spots  are  shown  in  parts  (c),  (d),  and  (e) 
of  this  figure.  In  practice  the  distribution  is  in  two  dimen- 
sions. The  linear  interpolator  makes  the  luminance  distri- 
bution between  neighboring  pixels  a straight-lina  function, 
the  quadratic  interpolator  fits  a parabolic  function  across 
three  successive  pixels,  and  the  Hanning  interpolator  fits  a 
raised  cosine  function  between  neighboring  pixels. 

More  information  on  the  nature  of  these  functions  can  be 
found  in  the  reference  entry  in  this  book,  a detailed  dis- 
cussion of  their  properties  can  be  found  in  the  reference 
itself  (Ref.  32, B).  The  results  of  the  ranking  are  shown  in 
part  (a!  of  this  figure  for  "error  free"  imagery.  Figure 
4.3-57  and  4.3-58  shows  the  differential  effects  on  the 
rankings  caused  by  errors  in  the  position  of  spots  th.at 
occur  during  exposure.  The  high-frequency  region  of  the 
modulation  transfer  frunctions  for  each  is  shown  in  part 
(b). 
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SECTION  4.3  DATA  FROM 


laboratory  studies  on  sampled  imagery 


4.3-13  IMAGE  DEFECTS 

l-at  lUc  pmposes  ol  iliis  sctioii.  inuigc  Jotcct.  mo 
Joii:r.ut.aions  in  image  qnatny  caused  by  imrnupcr 
opc.abon  nt  eqmpmeni  ot  by  transmission  ditticultics 

The  data  on  line-scan  transparencies  are  treated  litsl  m 
this  seetirm.  as  they  come  from  the  same  study  as  the 
data  in  rignre  4. .'-5b. 

No  interpreter  performance  data  could  be  lound  that 
related  to  image  defects.  All  ot  the  data  tor  CRT 
displays  in  this  section  come  from  broadcast  television 
image  quality  studies  and  are  based  on  the  NTSC  system. 
For  the  data  on  color  television  defects,  this  drsimction 
is  important  because  in  the  NTSC  system  the  In, nimmee 
and  chrominance  signals  are  separate,  and  m closed- 
circuit  or  computer-driven  color  systems,  each  color  ,s 
frequently  independently  transmitted,  in  which  case  no 
iutiiitiance  signal  is  present. 


The  defects  covered  in  this  section  are  as  tollows 
For  !ine-.scaii  transparencies 

e Cyclic  banding 

• Jitter 

For  CRT  displays 

• Fctio 

• Differential  delay  between  luminance 
and  chrominance  signals 

• Differential  gain  and  differential 
distortion  between  tire  luminance  and 
chrominance  signals 

No  data  from  either  performanc.  or  image  quality  judge- 
ment Studies  could  be  found  dealing  with  the  image 
anomalies  created  by  the  sampling  process  (lor  instance 
aliasing).  These  phenomena  have  been  of  much  theoret- 
ical interest  but  their  effects  on  interpreter  performance 
apparently  have  not  been  systematically  imestigatcd. 
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4.3.13  IMAGE  DEFECTS  (CONTINUED) 


Figure  4.3-57.  Effects  of  Jitter  and  Banding  on  Spot  Scan 
Transparencies.  The  nine  point-spread  functions  reported 
in  Figure  4.3-56  were  used  to  make  transparencies  in  which 
errors  in  the  positions  of  the  dots  were  introduced.  This 
was  done  in  order  to  test  the  influence  of  such  errors  on 
the  quality  of  the  image  produced  by  each  type  of  func- 
tion (Ref.  32, B).  The  images  were  ranked  on  their  informa- 
tion content  in  the  manner  described  in  Figure  4.3-56,  with 
a rank  of  1 assigned  to  the  best  image  and  9 to  the  poorest. 

Four  transparencies  containing  errors  were  made  for  each 
point-spread  function.  Three  contained  cyclic  kuihliny 
errors  of  2,  5,  and  8 percent,  respectively,  of  the  nominal 
sample  spacing.  The  fourth  contained  litter  for  which  the 
errors  in  location  had  a Guasjian  distribution  with  a stand- 
ard deviation  of  0.026  space. 

Banding  is  caused  by  systematic  errors  of  position  perpen- 
dicular to  the  direction  of  scan;  it  can  be  cyclic;  i.e.,  repet- 
itive over  some  distance  on  the  imagery;  or  it  can  be  local- 
ized, occurring  in  one  particular  area.  It  is  generally 
caused  by  Inaccuracies  in  the  lead  screw  mechanism  that 
advances  the  scanning  spot  from  ona  line  to  the  next. 

A random  inaccuracy  in  the  placement  of  a single  spot  is 
caused  by  small  errors  in  the  position  control  mectianisms 
of  the  device.  Jitter  errors  can  be  in  either  the  horizontal 
or  vertical  dimension  of  the  image. 

Figure  4.3-57(b)  illustrates  a matrix  of  dots  with  no 
errors.  Figure  4.3-57(c)  illustrates  the  result  of  jitter,  and 
Figure  4.3-57(d)  the  result  of  cyclic  banding. 

For  the  chart  in  this  figure,  the  average  of  ti.e  judgments 
for  all  errors  is  shown.  The  order  of  the  rankings  changed 
somewhat  from  that  for  the  error-free  imagery  shown  in 
Figure  4.3-56.  Figure  4.3-L8  gives  the  results  (individ- 
ually) for  the  two  types  of  error  for  each  point-spread 
function. 
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4.3.13  IMAGE  DEFECTS  (CONTINUED) 


Figure  4.3-58.  The  Effect  of  Jitter  and  Bonding  on  Point-Scan  Transparencies 
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(g)  HALF  WAVE  RECTIFIED  SINC 


TYPE  OF  ERROR 


(h)  SINC  SQUARED  (k  =>  1.0) 


(i)  HANNING  INTERPOLATOR 


TYPE  OF  ERROR 


Figure  4.3-58.  Thn  Effect  of  Jitter  and  Banding  on 
Point-Scan  Transparencies.  This  shows  the  rankings  of 
transparencies  that  contain  the  errors  described  in  Figure 
4. 3-57  (Ref.  32, B).  The  effects  of  two  kinds  of  errors,  jitter 
and  cyclic  banding,  are  presented  separately  for  each  type 
of  point-spread  function.  Fo;  jitter,  the  dot  position  error 
was  Gaussian  in  distribution  with  a standard  deviation  of 
0.026  space.  The  cyclic  banding  was  at  three  levels,  2 per- 
cent, 5 percent,  and  8 percent  of  the  spot  spacing.  A fur- 
ther description  of  these  errors  can  be  found  in  the  refer- 
enced figure. 

The  point-spread  functions  are  presented  in  order  by  their 
rankings  on  the  error-free  imagery,  as  follows; 


Function  Figure 


Quadratic  interpolator  a 

105%  Gaussian  b 

Cosine  c 

Linear  interpolator  d 

Sinc2,  k = 0.6  e 

Sinc2,  k = 0.8  f 

Half-wave  rectified  sine  g 

Sinc2,  k = 1.0  h 

Hanning  interpolator  i 


In  parts  e,  f and  h,  k is  a constant  used  as  shown  in  the 
formulas  in  Figure  4.3-56. 
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Figure  4.3-59.  Effect  of  Echo  Time  on  the  Judged  Qual- 
ity of  NTSC  Black  and  White  and  Color  Pictures.  An  ec/ia 
in  television  terminology  refers  to  a signal  that  has  been 
reflected  during  transmission,  with  the  result  that  it 
arrives  at  a different  time  from  the  main  signal,  and 
appears  on  the  monitor  as  a g/iosr  image.  The  echo  can 
either  lead  or  lag  the  main  signal;  if  it  leads,  the  ghost 
image  appears  to  the  left  of  the  picture;  if  it  lags,  it 
appears  to  the  right.  It  can  have  either  a positive  or  nega- 
tive contrast  with  respect  to  the  picture. 

The  results  shown  here  are  for  subjective  evaluations  of 
the  impairment  in  picture  quality  caused  by  lagging 
echoes  of  both  negative  and  positive  contrast.  The  time 
delay  and  contrast  of  the  echo  were  varied  from  one 
test  session  to  another  and  covered  a wide  range  of  values 
IRef.  33,  C).  The  results  were  reported  in  decibels  as  the 
ratio  of  the  signal  strength  to  the  echo  strength.  The 
method  of  calculation  was  not  reported.  A seven-point 
rating  scale  was  used  to  judge  the  pictures; 


Scale  value  Judged  degradation 

1 Not  perceptible 

2 Just  perceptible 

3 Definitely  perceptible,  but  only 

slight  impairment  to  picture 

4 Impairment  to  picture,  but  not 

objectionable 

5 Somewhat  objectionable 

6 Definitely  objectionable 

7 Extremely  objectionable 

Pictures  typical  of  the  type  found  in  broadcast  television 
were  used  as  test  scenes. 

In  interpreting  the  results  for  these  figures,  it  is  useful  to 
remember  tbat  the  active  portion  of  each  scan  line  is 
approximately  52.6  fjsec  in  duration  for  a 525-TV-line 
NTSC  system  (see  Figure  4.1-8),  so  a 1-/JSec  delay  dis- 
places the  echo  a distance  equal  to  approximately  1.9 
percent  of  the  picture  width  for  a 50-cm  (19.6-in)  hori- 
zontal picture;  this  amounts  to  about  1 cm  (0.4  in). 

The  curves  in  Figure  4.3-59(a)  and  (b)  indicate  that  longer 
delay  times  are  more  deleterious  to  picture  quality  than 
very  short  delay  times;  however,  the  authors  report  that 
"strong  close-in  echoes  of  high  amplitude  can  mutilate  the 
picture.  These  stronger  echoes  were  not  tested. 

The  color  data  were  highly  dependent  upon  the  nature  of 
the  test  picture  and  for  some  pictures  behaved  erratically 
as  a function  of  delay  times,  apparently  having  a particu- 
larly sensitive  spot  near  0.2  to  0.3  pisec,  as  shown  in 
Figure  4.3-59(b).  The  curves  for  the  two  images  in  the 
case  of  the  negative  echoes  illustrate  that  different  pictures 
will  respond  differently  to  echoes. 

The  TV  system  used  for  the  tests  was  a 525-line  NTSC 
system.  The  highlight  brightness  for  the  black  and  white 
pictures  ranged  from  86  cd/m^  (25  fL)  to  54  cd/m^  (15 
fL).  For  the  color  pictures,  the  values  ranged  from  51 
cd/m2  to  69  cd/m2  (15  fL  to  20  fL).  Contrast  ratios 

(Continued) 
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ranged  from  71  to  100  for  the  blacK  and  white  pictures 
and  from  60  to  133  for  the  roior  pictures. 

Ten  observers  were  used,  and  each  made  162  observations, 
two  for  each  test  condition.  The  observers  were  seated  a 
distance  equal  to  4 times  the  picture  height  from  the 
monitoi . Nu  room  illum'nat'O"  ■"=>'  orouiHed  other  than 
that  from  the  monitor. 


It  must  be  remembered  in  interpreting  these  results  that 
the  pictures  were  judged  on  the  basis  of  their  quality  for 
home  entertainment  purposes,  not  information  extraction 
purposes,  and  that  they,  unlike  most  closed-circuit  TV 
systems,  have  separate  luminance  and  chrominance 
signals. 


Figure  4.3-60.  Effects  of  Differentia!  Delay  in  the  Lumi- 
nance and  Chrominance  Signals  ir  an  NTSC  Color  Tele- 
vision System.  The  luminance  and  chrominance  signals  in 
an  NTSC  color  television  system  carry,  respectively,  the 
brightness  and  color  information  for  the  picture  (see  Fig- 
ure 4.1-11  for  additional  discussion).  There  are  several 
places  in  the  processing  and  transmitting  operations 
which  can  cause  a differential  delay  betv/een  these  signals. 
When  this  happens,  the  visual  effect  is  a color  "smear"  or 
color  fringing  caused  by  a lateral  shift  of  the  color  signal. 
The  color  shift  can  be  to  the  right  or  left  of  the  objects  in 
the  scene. 

Two  types  of  delay  were  tested  here-a  flat  delay  and  a 
shaped  delay.  In  a flat  delay,  the  entire  chrominance  sig- 
nal range  is  displaced  a given  amount  from  the  luminance 
signal;  in  a shaped  delay,  Dj,  the  higher  frequencies  are 
displaced  more  than  the  lower  (Ref.  34,  C).  (See  Figure 
4.3-60(c)  for  a graphic  representation  and  definition  of 
the  way  the  delay  is  measured.) 

The  effect  on  image  quality  was  measured  on  a seven- 
point  scale: 

Scale  value  Judged  degradation 


1 Not  perceptible 

2 Just  perceptible 

3 Definitely  perceptible,  but  only  slight 
impairment  to  picture 

4 Impairment  to  picture,  but  not  objectionable 

5 Somewhat  objectionable 

6 Definitely  objectionable 

7 Extremely  objectionable 

Twelve  tests  were  performed,  six  each  for  the  flat  and 
shaped  delays.  A wide  range  of  delay  times  was  used,  from 
zero  to  600  nanoseconds  (ns)  for  the  flat  delay  and  zero 
to  over  1000  ns  for  the  shaped  delay.  As  described  in  Fig- 
ure 4.3-59,  a 1000  nanosecond  (1  ^sec)  delay  causes  a 
displacement  of  approximately  0.19  percent  in  the  hori- 
zontal position  of  the  picture,  or  1 mm  (0.04  in)  for  a 
picture  with  a horizontal  dimension  of  50  cm  (19.6  in). 

As  shown  by  the  graphs,  the  flat  delay  caused  greater  pic- 
ture impairment  than  the  shaped  delay.  (At  100  ns,  over 
80  percent  of  the  observations  were  of  a quality  2 or 
better  for  the  shaped  delay  while  only  50  percent  reacherl 
that  level  for  a flat  delay  of  the  same  Icnyin.  (Continued) 
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The  extent  of  the  effect  was  found  to  be  dependent  upon 
the  picture  content.  (Pictures  typical  of  the  type  usually 
found  in  broadcast  television  were  employed.)  The  differ- 
ence in  average  values  between  the  most  sensitive  and  least 
sensitive  picture  was  59  ns  for  the  flat  delay  and  49  ns  for 
the  shaped  delay. 

The  color  shift  is  most  noticeable  around  vertical  edges  of 
highly  saturated  color  areas  adjacent  to  areas  of  low  satu- 
ration that  are  relatively  free  of  high  frequency  detail. 


(a)  LUMINANCE 

SIGNAL 


DIFFERENTIAL  GAIN  AND  PHASE  DISTORTION  SHAPES 


The  basic  television  system  and  the  viewing  conditions 
were  the  same  as  those  reported  for  Figure  4.3-59.  Ten 
observers  were  used,  and  each  made  three  judgments  for 
every  test  condition. 

In  interpreting  these  results,  it  must  be  remembered  that 
they  were  obtained  on  an  NTSC  color  system.  Most 
closed-circuit  television  systems  do  not  have  separate 
luminance  and  chrominance  signals.  Also  it  must  be 
remembered  that  the  picturea  were  judged  for  quality  for 
home  entertainment  purposes,  not  information  extraction 
purposes. 


Figure  4.3-61.  Effects  of  Differential  Gain  and  Differ- 
ential Phase  in  NTSC  Color  Television  Pictures.  Subjec- 
tive evaluations  were  made  of  color  television  pictures 
that  had  been  degraded  by  varying  amounts  of  differential 
gain  (DG)  and  differential  phase  (DP)  Ref.  35,0.  Differen 
tial  gain  causes  a shift  in  the  saturation  ot  colors  displayed 
in  the  picture,  and  DP  causes  a change  in  hue.  Both  terms, 
DG  and  DP,  refer  to  the  relationship  that  the  chrominance 
signal  bears  to  the  luminance  signal.  They  refer  to  shift 
that  may  take  place  in  either  the  phase  or  amplitude  of 
the  chrominance  signal  as  a function  of  changes  in  the 
amplitude  of  the  luminance  signal.  To  determine  DG,  the 
output  amplitude  of  a chrominance  signal  of  constant 
input  strength  is  measured  for  two  different  strengths  of 
the  luminance  signal.  The  DG  can  be  expressed  in  decibels 
as: 

Ac, 

DGdB  = 20  log  ^ 

"c2 

where  A(-,  = The  amplitude  of  the  chrominance  signal 
for  one  strength  of  the  luminance  signal, 
and 

Ag-  = The  amplitude  of  the  chrominance  signal  at 
^ the  other  strength  of  the  luminance  signal. 

Differential  phase  is  determined  by  measuring  any  phase 
shifts  that  occur  in  the  chrominance  signal  at  two  levels  of 
signal  strength  for  the  luminance  signal.  It  is  expressed  in 
degrees. 

Both  the  DG  and  DP  can  take  either  negative  or  positive 
values,  with  differing  effects  on  the  judged  quality  of  the 
picture.  Positive  DG  causes  an  increase  in  color  saturation 
and  negative  DG  causes  a decrease.  Positive  DP  causes  a 
hue  shift  in  flesh  tones  toward  magenta  and  a negative  DP 
causes  a shift  toward  green.  (Continued) 
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In  addition  to  being  either  positive  or  negative,  DG  and 
DP  may  also  be  linear  or  nonlinear.  Figure  4,3  61(a)  gives 
the  general  nature  of  the  polarity  and  shape  of  the  DG 
and  DP  conditions  tested.  Data  are  shown  in  Figure 
4.3-61  (h)  .ind  (c)  for  the  worst  condition  for  each:  +C 
shape  for  DG  and  the  -A  shape  for  DP.  The  test  pictures 
were  from  the  standard  set  of  still  scenes  developed 
to  test  the  quality  ot  entertainment  television. 

The  effects  of  the  distortions  on  the  picture  v/ere  rated 
with  the  following  scale: 

Judgment 

scale  value  Description 

1 Not  perceptible 

2 Just  perceptible 

3 Definitely  perceptible,  but  only  slight 
impairment  to  picture 

4 Impairment  to  picture,  but  not 
objectionable 

5 Somewhat  objectionable 

6 Definitely  objectionable 

7 Extremely  objectionable 

Each  of  the  positive  DG  shapes  showed  more  degradation 
than  the  corresponding  negative  shape,  indicating  a loss  of 
saturation  was  more  tolerable  than  a gain.  Each  of  the 
negative  DP  shapes  showed  more  degradation  than  the 
positive,  indicating  that  a shift  toward  green  in  the  flesh 
tones  was  more  acceptable  than  a shift  toward  the 
magenta. 


Tests  were  also  run  on  pictures  with  combined  DG  and 
DP,  and  their  combined  effect  lowered  the  judged  value' 
considerably  below  those  for  either  alone  at  a given  level. 
Limited  tests  were  run  on  a black  and  white  monitor;  it 
was  found  to  be  much  more  resistant  to  changes  in  DG 
and  DP  than  the  color  monitor. 

Ten  observers  participated  in  the  test,  and  every  test  con- 
dition was  presented  to  each  observer  twice.  The  viewing 
distance  was  4 times  the  picture  height.  The  Highlight 
luminance  was  51  cd/m^  (15  fL)  for  the  color  monitor, 
with  a contrast  ratio  of  75;  1 . Foi  the  black  and  white 
monitor,  the  highlight  lum’nance  was  86  cd/m^  (25  f L) 
and  the  contrast  ratio  was  50:1.  No  room  illumination 
was  used  other  than  that  generated  by  the  monitor. 

It  must  be  remembered  in  interpreting  these  results  that 
they  were  obtained  on  an  NTSC  system.  Most  closed- 
circuit  systems  do  not  have  separate  luminance  and 
chrominance  channels.  Also  it  must  be  rei.iembered  that 
the  pictures  were  judged  for  entertainment  purposes,  not 
information  extraction  purposes. 
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The  functions  arc  described  by  the  authors  as  follows: 

The  parameter  “a”  will  denote  the  sample  element  spacing.  As  imaged  on  the  film  plane,  the  sample  spacing  is  0.548 
mm.  The  sample  element  spacing  projected  back  onto  the  mask  plane  is  9.56  x 0.548  = 5.24  mm,  where  9.56  is  the 
reconstruction  optics  demagnification  factor. 

All  of  the  intensity  point  spread  functions  h(x.y)  described  arc  normalized  so  that  the  volume  under  the  point 
spread  function  is  equal  to  unity.  Tiiis  normalizes  the  transfer  functions  to  unity  al  z.cro  spatial  frequency. 

Quadratic  Interpolator 

The  two  dimensional  point  spread  function  for  the  non-integrated  mask  is  given  by: 
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Tlte  point  spread  function  is  separable;  in  either  the  x or  y direction,  it  is  a parabola  of  heiglit  3/4a  and  an  extent  of  3a. 
Tlte  MTF  is  given  by; 

H(f^,  f^,)  = sinc'^  (af^)  sinc^  (af^,) 

Note  that  this  function  is  not  band-limited. 

105  Percent  Gaussian  Aperture  Distribution  Function 

Tire  desired  MTF  was  best  fitted  in  tlic  sense  of  least  squares  to  a Gaussian  function,  where  the  standard  deviation  Or 
derived  from  the  fitted  Gaussian  MTF  satisfies: 

Of  = 0.362  fj 


where  tlie  sampling  frequency  f^  s 1/a  = 1/0.548  mm  = 1.82  cycles/mm  in  the  film  plane. 

Titus  Of  = 0.66  cycles/mm. 

For  a Gaussian  MTF,  it  is  well-known  that  the  point  spread  function  is  Gaussian  and  that  the  standard  deviation 
in  the  spatial  domain,  is  equal  to  1/2  ffOf  where  Of  is  the  standard  deviation  in  the  spatial  frequency  domain.  Thus 
Os  = 0.242  mm  in  the  film  plane. 

The  105  percent  Gaussian  aperture  distribution  MTF  goes  to  zero  at  0.95  fs. 


Cosine  Aperture  Distribution  Function 

By  means  of  a Fast  Fourier  Transform  computer  progr.im,  the  point  spread  function  h(x,y)  was  obtained  from  tb.e 
MTF  data.  Tlie  point  spread  function  is  separable. 

Linear  Interpolator  Function 

The  two-dimensional  point  spread  function  of  the  linear  interpolator  for  the  nonintegrated  mode  is  given  by; 


1 I’cl  , )>'l  <a 

a 

1^1  . I.vl  >a 


The  point  spread  function  is  separable;  in  either  the  x or  y direction,  it  is  a triangle  of  height  1/a  and  with  a full 
extent  of  2a.  Note  that  the  function  is  linear  in  x and  in  y,  but  quadratic  along  tlie  diagonals. 

Tlte  modulation  trai’sfer  function  (MTF)  is  given  by: 


H(f(,  fy)  = sinc^  (af^)  sinc^  (af^,) 


where 


. _ sin  ( IT  ff) 

sme  (f„)  = ^ 

' irr 


Note  that  H(f;j,fy)  is  not  band-limited. 
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Sinc-Stjuared  Functions 

Tlic  two-dimensional  point  spread  function  is  given  by: 

. . -)  ky  . k„ 

h(x.>-)  = — sine-  (_i_)sine-  (— i-) 

a-  a a 


A family  of  point  spread  functions  was  considered  where  the  parameter  k took  on  the  values  1 .0,  0.8,  and  0.6.  The 
point  spread  function  is  separable;  in  either  direction,  it  consists  of  a sine-squared  function  of  heiglit  k/a.  Since  the 
spatial  e.xtents  of  the  point  spread  functions  arc  infinite,  it  was  necessary  in  the  mask  fabrication  process  to  truncate. 
Truncation  was  made  to  occur  at  a natural  zero  of  the  function  to  minimize  the  effects  of  artifacting.  The  point 
spread  function  has  natural  zeros  at  y = ma/k,  where  m is  an  integer.  To  satisfy  the  optical  uniformity  constraint, 
two  was  the  largest  value  of  m which  could  be  chosen.  The  extent  of  the  truncated  function  is,  therefore,  4a/k.  For 
k - 1 , 0.8,  and  0.6,  the  mask  spatial  extents  are:  20.96  mm,  26.2  mm,  and  34.9  mm  in  the  mask  plane.  Some 
amount  of  truncation  was  experienced  at  the  extremities  of  the  k • 0.6  mask. 


Tlie  MTF  is  given  by: 
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Rectified  Sine  Function 


Tlie  point  spread  function  h(x,y)  was  obtained  from  a desired  MTF  by  a Fast  Fourier  Transform  program.  (The 
upper  end  of  the  MTF  is  shown  in  figure  4.3-S6(b).) 

Hanning  Function 

The  two-dimensional  point  spread  function  for  this  nonintegrated  mask  if  given  by: 

f — 1 1 + cos  ] ( 1 + cos  JL2L  ] I x|  , I >’  I < a 


4a  ^ 
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The  point  spread  function  is  separable;  and  in  either  the  x or  y directions,  it  is  a raised  cosine  function  of  heigJit  1/a 
and  extent  2a. 

The  modulation  transfer  function  is  given  by 

sine  (2af^)  sine  (2af^) 


H(f^.f)  = 

ll-(2ay?](l  - (2af^)2j 


Note  that  this  function  is  not  band-limited.  Let  fs  = 1/a. 

33.  lessman,  A.  M.  The  subjective  effects  of  echos  in  525-line  monochrome  and  NTSC  color  television  and  the  resulting 
echo  time  weighting./  SMPTE\o\.  81,  1972,  pp.  907-916. 

34.  Lessman,  A.  M.  Subjective  effects  of  delay  difference  between  luminance  and  chrominance  information  of  the  NTSC 
color  television  signal.  / 5A/FT/.  Vol.  80,  1971,  pp.  620-624. 

35.  Cavanaugh,  J.  R.  and  Lessman,  A.  M.  Subjective  effects  of  differential  gain  and  differential  phase  distortions  in 
NTSC  color  television  pictures.  / SMPTE,  Vol.  SO,  1971,  pp.  614+. 


4.3-84 


4.4  ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 


4.4.1  CRT  Luminance 


4.4.2  Resolution  and  Modulation  Transfer  in  Cathode  Ray  Tubes 


SECTION  4.4  ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 


Tills  sot'lioii  is  inleiuleil  lu  I'.ive  ilie  elosiro-opiiciil 
display  system  designer  or  piirduiser  a heller  iiiuler- 
standing  of  the  way  in  whieli  erpiipinent  and  operating 
I'eatiites  affeet  the  visual  quality  of  the  images  produced 
by  CRT  s. 

Some  understanding  of  liie  way  in  which  ciinipmeni 
features  interact  in  producing  the  CRT  image  is  valuable. 
This  is  because  changes  in  one  feature  that  appear  to 
have  desirable  effects  on  image  quality  may.  through 
iitleiaclion  with  oilier  features,  lose  their  effectiveness, 
or  actually  result  in  decreased  quality. 

Furr  instance,  increasing  the  maximum  beam  current  will 
result  in  increased  display  luminance.  Data  in  Section 
3.2  indicate  llial  visual  performance  tends  to  improve 
with  increasing  luminance,  up  to  very  high  values. 
However  in  CRT  displays,  other  factors  must  be  taken 
into  consideration.  For  instance,  increasing  the  beam 
current  results  in  larger  spot  diameie'S.  These  larger  spot 
diameters  will  result  in  losses  in  both  resolution  and 
ciiiitrast  in  the  image.  The  increase  in  heam  diameter  can 

4.4.1  CRT  LUMINANCE 

The  major  factors  contribtitiiig  to  CRT  luminance  arc 
prescnterl  in  this  section.  Both  black  and  white  and  color 
systems  are  discussed.  The  importance  of  the  application 
for  the  interactions  among  the  equipment  parameters 
and  between  the  equipment  parameters  and  the  visual 
system  cannot  be  overemphasixed.  None  of  the  individ- 
ual items  discussed  in  this  section  act  independently  of 
the  others.  Of  equal  importance  is  their  influence  on  the 
visual  and  equipment  performance  topics  covered  in 
later  sections,  particularly  resolution  and  contrast  repro- 
duction. Wliercver  possible,  these  interrelations  have 
been  pointed  ctit,  and  cross  references  given  to  the 
appropriate  sections  or  figures.  In  addition  to  the 
characteristics  covered  in  this  section,  many  other 
factors  affect  CRT  luminance.  Among  these  arc  the 
method  of  phosphor  preparation,  phosphor  crystal  si/e, 
method  of  application  to  the  tube  face,  and  treatment 
during  the  coating  process.  Sources  for  information  on 
these  topics  can  be  found  in  Ref.  1.  Unfortunately  a 
comprehensive  treatment  of  tb.c  areas  covered  here 
would  require  soaee  which  i-  considerably  beyond  that 
available  in  a hook  such  as  this.  Therefore  an  attempt 
has  been  made  to  alert  the  designer  of  interpretation 
systems  to  the  major  chara.’teristics  of  the  system  which 
influence  CRT  luminance  and  provide  some  quantified 
examples  for  each  topic  covered,  so  he  may  determine 
which,  if  any  are  ciitical  to  his  application. 


be  collected,  up  to  a point,  by  changes  in  the  focusing 
circuit. 

However,  the  light  from  the  phosphor  winch  is  rcfiected 
within  the  faceplate  will  increase  with  increasing  lumi- 
nan.e.  This  light,  striking  the  phosphor  in  areas  of  low 
image  luminance,  will  cause  a loss  of  contrast  (see  Figure 
4.4-2,‘s).  Thus,  the  potential  for  incre'  sed  visual  perform- 
ance through  the  increased  luminance  may  be  more  than 
offset  by  losses  in  contrast  caused  by  the  internally 
scattered  light. 

Section  4.4.1  deals  w'ith  equipment  characteiistics  and 
the  important  interactions  among  these  characteristics 
which  affect  the  perception  of  luminance  in  the  display. 
Section  4.4.2  deals  with  resolution  and  modulation 
transfer.  These  two  topics  arc  treated  together  for  two 
reasons.  First,  they  interact  to  establish  visual  percepti- 
bility in  black  and  white  imagery.  This  relationship  is 
discussed  in  detail  in  Sections  3.1  and  3.2.  Second,  they 
are  strongly  interdependent  witii  regard  to  the  equip- 
ment features  which  produce  the  CRT  image. 


Becaucc  of  the  loss  of  contrast  caused  by  scattered  light 
within  the  phosphorand  CRT  faceplate,  which  could  act 
as  a veiling  luminance,  very  high  CRT  luminance  is 
undesirable.  However  when  the  scattered  light  can  be 
controlled,  such  as  with  a fiber  optic  faceplate,  the 
restriction  does  not  apply. 

Four  different  measures  of  CRT  brightness  are  covered. 

• Peak  luminance  The  luminance  at  the  center  of  the 
scanning  spot,  where  the  current  density  is  greatest  in 
the  electron  beam. 

• Average  spot  luminance-  The  luminance  of  the  spot 
averaged  over  the  area  of  the  spot.  Since  the  luminous 
output  of  a spot  follows  a Gaussian  spread  function, 
decreasing  away  from  the  center,  the  value  which  the 
average  spot  brightness  assumes  will  depend  on  the 
definition  of  spot  size  (see  Figure  4.1-0). 

• Line  luminance  The  luminance  of  the  line  averaged 
over  its  area.  Since  t!ie  spread  function  of  the  line  is 
Gaussian,  tlie  line  brightness  will  depend  upon  the 
definition  of  a line,  in  the  same  way  that  spot 
brightness  depends  upon  definition  of  the  spot. 

• Raster  luminance  -The  luminance  of  an  extended 
area  on  the  face  of  the  CRT. 
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4.4.1  CRT  LUMINANCE  (CONTINUED) 


(a)  OVERLAP  AT  2,350 


(b)  OVERLAP  AT  2.350 
(50%  amplitude) 
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Figure  4.4-1.  CRT  Luminance  as  a Function  of  Line  Spacing  for  CRT's  Without  Shadow  Masks.  (Continued) 
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SECTION  4.^  ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 


4.4.1  CRT  LUMINANCE  (CONTINUED) 


Figure  4.4-1.  CRT  Luminance  as  a Function  of  Line 
Spacing  for  CRT's  Without  Shadow  Masks.  In  considering 
the  effects  of  line  spacing  on  CRT  luminance,  particularly 
for  tubes  without  shadov;  masks,  it  is  necessary  to  take 
into  account  the  visual  effect  created  by  the  overlapping 
spread  functions  of  adjacent  lines.  (Figure  4.1-9  discusses 
the  relationship  between  the  spot  spread  function  and  line 
spacing.)  When  adjacent  lines  are  written  within  »he  inte- 
grating time  of  the  eye  (this  time  depends  upon  a number 
of  conditions,  a single  figure  is  likely  to  be  misleading,  but 
foi  normal  CRT  viewing  conditions  0.1  second  is  a reason 
able  number),  the  luminances  in  the  overlapping  portions 
of  the  two  lines  produce  a visual  sensation  equal  to  the 
sum  of  the  two  individual  luminances  (Ref.  2).  This  effect 
is  illustrated  in  the  accompanying  illustration.  In  (a)  the 
visual  effect  produced  by  scan  lines  spaced  2.35  d apart  is 
shown.  At  2.35(7  the  lines  overlap  at  the  50-percent 
intensity  level  of  the  spread  function.  Tnc  top  illustration 
shows  that  lines  number  2 and  number  of  the  raster 
have  been  written.  They  arc  spaced  4x2.35o  or  9.42r; 
apart  and  thei*  amplitudes  at  the  point  of  overlap  (4.71o) 
are  so  low  that  they  are  considered  to  produce  no  bright- 
ness sensation.  The  second  illustration  in  (a)  shows  the 
effect  of  -writing  lines  3 and  7.  Since  they  overlap  at  the 
50-percent  intensity  level  with  lines  2 and  6 respectively, 
the  luminance  at  that  point  is  perceived  as  eoual  to  100 


percent  of  the  peak  luminance  of  the  Individual  lines.  The 
overlap  at  the  line  spacing  interval  (2.35r;)  causes  a lumin- 
ance increment  of  approximately  6 percent  to  the  peak 
luminance  of  the  individual  lines.  Ti.e  subsequent  illustra- 
tions in  (a)  show  the  effect  of  completing  a raster  of  nine 
lines. 

If  the  raster  is  viewed  from  a short  distance,  the  rippk'  of 
the  combined  luminances  will  be  detected.  If  the  raster  is 
viewed  from  a distance  great  enough  so  that  the  ripple  is 
below  the  limit  of  visual  resolution,  the  perceived  lumin- 
ance will  be  ihe  average  luminance  of  the  ripple. 

Parts  (b)  and  (c)  illustrate  the  change  in  ripple  and  in 
a-verage  luminance  caused  by  decreasing  the  line  spac- 
ing .'rom  2.35(7  to  1.1 9(7.  The  vertical  scale  has  been 
expanded  so  that  the  ripple  of  the  1 .91 0 spacing  can 
be  sec  i. 

The  ratio  of  the  line  spacing  to  the  standard  deviation 
of  the  spot  is  called  the  pilch  of  thi-  raster.  The  pitch 
of  a raster  whose  lines  are  spaced  2.340  apart  is  2.34; 
for  lines  spaced  1.910  apart,  the  pitch  of  the  raster  is 
1.91.  The  relation  between  pitch  „..d  the  modiilaticn 
of  the  tipple  is  shown  in  Figure  4.4-16. 
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SECTION  4.4  ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 


4.4.1  CRT  LUMINANCE  (CONTINUED) 
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Figure  4.4-2.  Effect  of  Beam  Current  on  Line  Luminance 
for  Two  Black  and  White  Phosphors.  The  relationship 
between  line  luminance  and  beam  current  is  fundamental 
to  the  image  forming  process  in  CRT's  (see  Figure  4.1-2). 
The  curves  in  (a)  (Ref.  3,C)  show  a nonlinear  relationship 
between  beam  current  and  luminance  for  the  P20  and 
P31  phosphors  and  are  typical  of  those  found  for  other 
phosphors  (see  Figure  4.4-9). 

The  increase  m spot  size  (a)  and,  consequently  line  width 
(b)  (Ref.  4)  as  beam  current  increases  is  caused  by 
defocusing  of  the  beam  that  accompanies  the  increased 
current.  This  change  in  spot  size  affects  resolution  and 
contrast  transfer  in  both  the  horizontal  and  vertical  direc- 
tions (see  Figures  4.1-3  and  4.4-15)  as  well  as  the  ripple 
amplitude  (Figure  4.4-16). 
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SECTION  4 4 ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 

4.4.1  CRT  LUMINANCE  (CONTINUED) 
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\a)  BRIGHTNESS  AS  A FUNCTION  OF  ACCELERATING 
VOLTAGE  FOR  A P31  PHOSPHOR 


(b)  BRIGHTNESS- VOLTAGE  CURVE 


Figure  4.4-3.  CRT  Line  Luminance  as  a Function  of 
Anode  Potential.  Increasing  the  anode  potential  increases 
the  speed  with  which  the  electrons  in  the  electron  beam 
strike  the  phosphor  in  a CRT.  For  a given  beam  current 
(25  microamperes  for  the  case  shown),  the  increase  in 
luminance  is  approximately  a direct  function  of  the 
square  of  the  increase  in  anode  potential  (Ref.  3,0.  The 
changes  in  spot  size  indicated  in  the  figure  are  caused  by 
the  improved  focus  that  can  be  achieved  with  increased 
anode  potential.  The  dashed  line  in  (a)  represents  lumi- 
nance values  that  have  been  calculated  for  a constant 
diameter  spot  size  (0.61  mm,  24  mils). 

The  changing  spot  size  will  affect  the  contrast  transfer 
and  resolution  characteristics.  See  Figures  4.1-3  and 
4.4-15. 

As  indicated  in  (b),  at  the  low  end  of  the  voltage  range  the 
nonlinearity  of  the  relationship  between  luminance  and 
the  anode  potential  becomes  accentuated.  The  voltage 
that  is  obtained  by  extending  the  nearly  linear  portion  of 
the  curve  to  the  zero  luminance  level  is  called  the  dead 
(Ref.  5). 

The  application  of  aluminized  backing  on  CRT  phosphors 
to  control  secondary  emissions  and  stray  light  within  the 
tube  reduces  the  effectiveness  of  the  low  anode  potentials. 
For  an  aluminized  backing  0.1  /im  (0.004  mils)  thick,  the 
light  production  of  the  aluminized  and  nonaluminized 
phosphors  are  equal  at  about  5 kV  (Ref.  6).  The  voltage  at 
which  this  equality  is  reached  is  known  as  the  hrcak-eixn 
voltage. 
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SECTION  4.4  ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 


4.4.1  CRT  LUMINANCE  (CONTINUED) 
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(a)  LINE  BRIGHTNESS  AS  A FUNCTION 
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(b)  APPARENT  CHANGE  IN  SPOT  DIAMETER  AS  A 
FUNCTION  OF  WRITING  SPEED 
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SCREEN:  P31 

BEAM  CURRENT:  25  MICROAMPS 
ANODE  POTENTIAL:  10  kV  and  14  kV 
REFRESH  RATE:  60  Hz 


F ...■»-4.  CRT  Line  Luminance  as  a Function  of  Writ- 
ing Speed.  For  a given  beam  current,  anode  potential,  and 
spot  size,  the  luminance  of  an  individual  line  depends 
upon  the  wrilitif’  speed  of  the  electron  beam,  which  is  the 
speed  of  the  electron  beam  as  it  travels  over  the  surface  of 
the  phosphor.  Writing  speed  depends  on  the  number  of 
TV  lines,  interlace  order,  frame  rate,  and  CRT  size.  For  a 
525-TV-line  NTSC  system  (2:1  interlace  with  a 30-Hz 
frame  rate),  which  has  a 25-cm  (9.8-in)  horizontal  raster, 
the  beam  must  travel  the  length  of  the  raster  in  approxi- 
mately 52.6  microseconds  (see  Figure  4.1-8  for  the  deriva- 
tion of  this  time).  Thus: 


Writing  Speed 


25  cm 
52.6/L'ec 


= 0.475  cm/pisec 


= 0.187  in//isec 


Writing  speeds  of  up  to  2.54  cm//jsec  (1  in//isec)  are  some- 
times used  in  high  line-number,  noninterlaced  systems. 

The  loss  in  luminance  is  due  to  the  reduction  in  the  dwell 
lime  for  the  electron  beam  (Ref.  3,0.  Dwell  time  is  the 
time  the  beam  spends  on  a given  spot  on  the  phosphor. 
Since  the  luminance  is  determined  by  the  number  of  elec- 
trons striking  the  phosphor,  as  well  as  their  energy,  as  the 
writing  speed  Increases,  dwell  »ime  decreases.  By  reducing 
the  dwell  time,  fewer  electrons  are  delivered  to  a given 
spot  on  each  passage  of  the  beam,  with  the  result  that 
luminance  is  lowered  (a). 

At  very  slow  writing  speeds,  the  relationship  between 
luminance  and  writing  speed  will  become  increasingly 
nonlinear  because  isi  saturation  effects.  That  is,  the  phos- 
phor will  be  emitting  close  to  the  maximum  amount  of 
light  it  can,  so  the  addition  of  more  energy  from  the  elec- 
tron beam  does  not  produce  an  accompanying  increase  in 
luminance.  The  change  in  spot  size  as  a function  of  writ- 
ing speed  (b)  will  affect  horizontal  and  vertical  resolution 
and  contrast  (see  Figure  4.1-3  and  Figure  4.4-15).  The 
change  in  spot  size  will  also  affect  ripple  modulation 
(Figure  4.4-16). 
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4.4.1  CRT  LUMINANCE  (CONTINUED) 
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Figure  4.4-5.  CRT  Line  Luminance  as  a Function  of 
Combined  Writing  Speed  and  Refresh  Rate.  The  com- 
bined effect  of  writing  speed  and  refresh  rate  on  CRT  line 
luminance  is  shown  here  for  a single  phosphor  (P31).  The 
relationships  are  nearly  linear  over  the  ranges  studied 
(Ref.  3,0. 


Figure  4.4-6.  CRT  Line  Luminance  as  a Func*ion  of 
Refresh  Rate.  Refresh  rate  is  the  rate  at  which  the  elec- 
tron beam  in  the  CRT  returns  to  a given  spot  on  the  phos- 
phor. It  is  nominally  taken  to  be  the  same  as  the  frame 
rate.  As  shown  in  the  accompanying  graph,  increases  in 
refresh  rate  increase  line  luminance  (Ref.  3,C).  Each  phos- 
phor tested  had  a unique  rate.  The  linear  relationship  may 
not  hold  for  very  high  rcfiesn  rates  that  have  time  periods 
approaching  the  persistence  times  of  the  phosphor. 

Since  the  refresh  rate  is  determined  by  the  frame  period, 
an  increase  in  the  refresh  rate  for  a given  system  must  be 
accompanied  either  by  an  increase  in  bandwidth  or  reduc- 
tion in  resolution  (see  Figure  4.4-12). 


Figure  4.4-7.  Effect  of  Phosphor  Thickness  on  CRT 
Luminance.  Phosphor  thickness  is  measured  by  the  num- 
ber of  milligrams  (mg)  of  phosphor  that  are  applied  to 
each  square  centimeter  of  the  CRT  face.  The  curves  repro- 
duced in  this  figure  indicate  that  there  is  an  optimum 
coating  density  for  each  expected  use  in  terms  of  anode 
potential.  The  light  production  of  the  phosphor  coating 
falls  off  rapidly  on  either  side  of  this  value  (Ref.  7).  The 
phosphor  used  in  this  study  was  similar  to  the  P1 1 . The 
beam  current  was  kept  constant  at  20  /ta/cm2. 

Electron  beans  striking  the  faceplate  at  high  energies 
(which  are  created  by  high  anode  potentials)  generate 
X-rays.  For  a discussion  of  allowable  X-radiation  limits, 
see  Section  6.8.2. 
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SECTION  4.4  ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 


4.4.1  CRT  LUMINANCE  (CONTINUED) 


(a)  SHADOW  MASK  CRT 


(b)  TRI, NITRON  CRT 


RELATIONSHIP  AMONG  THE  ELEMENTS  OF  THREE  COMMON  COLOR  CRT'S 


Figure  4.4-8.  Effect  of  Aperature  Masks  and  Phosphor  Matrix  on  CRT  Luminance.  (Continued) 
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SECTION  4.4  ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 


4.4.1  CRT  LUMINANCE  (CONTINUED) 


Figure  4.4-8.  Effect  of  Aperture  Masks  and  Phosphor 
Matrix  on  CRT  Luminance.  The  shadow  mask,  in  con- 
junction with  the  phosphor  dot  matrix  found  in  some 
color  CRT  tubes,  affects  the  luminance  of  the  display  in 
three  ways.  First,  because  of  the  discrete  nature  of  the 
phosphor  dot  matrix,  only  about  50  percent  of  the  total 
area  of  the  tube  is  capable  of  producing  light  (Ref.  8).  At 
normal  viewing  distances  where  visual  integration  takes 
place  over  an  area  larger  than  the  individual  dots,  the 
luminance  of  the  display  is  reduced  in  direct  proportion 
to  the  ratio  of  the  luminous  area  to  the  nonluminous  area. 
Second,  both  the  shadow  mask  and  the  areas  of  the 
matrix  surrounding  each  phosphor  dot  restrict  the  edges 
of  the  electron  beam  so  that  little  overlap  between  scan 
lines  takes  place;  therefore,  the  additive  effect  described 
in  Figure  4.4-1  is  greatly  diminished.  The  third,  compen- 
sating factor  is  that  because  its  edges  are  cut  off,  the  beam 
diameter  can  be  increased,  permitting  the  use  of  a higher 
beam  current.  Thus,  the  central  portion  of  the  beam  has  a 
higher  energy  than  that  of  a beam  used  for  comparable 
line  spacing  in  a tube  without  a shadow  mask. 

Two  other  techniques  in  addition  to  the  shadow  mask 
that  have  been  developed  for  preventing  the  beam  for  one 


color  from  hitting  the  phosphor  for  another  color  are  the 
trinitron  and  the  rectangular  aperture.  These  both  use 
physical  barriers  to  the  electron  beam  which  are  placed 
between  the  electron  gun  and  the  phosphor  screen.  The 
trinitron,  shown  at  (b)  uses  a series  of  slots  instead  of 
circular  holes,  and  the  rectangular  aperture,  shown  at  (c), 
uses  rectangular  openings.  The  phosphor  for  these  tubes 
is  applied  in  stripes  rather  than  dots. 

Both  permit  a larger  percentage  of  the  tube  area  to  be 
covered  with  phosphor  and  permit  more  efficient  electron 
optics,  which  result  in  increased  luminance  (Ref.  9).  They 
also  allow  visual  integration  of  the  luminance  created  by 
the  overlapping  scan  lines.  As  a result,  there  is  a greater 
increase  of  luminance  possible  with  these  tubes  than  with 
the  shadow  mask.  The  luminance  reported  for  the  three 
types  of  tubes  is  listed  below  (Ref.  10). 


Aperture  Luminance 

type  cd/m2  fL 


Trinitron 

343 

100 

Rectangular 

188 

55 

Shadov/  Mask 

172 

50 
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Figure  4.4-9.  The  Effect  of  Beam  Current  on  Three  Measures  of  CRT  Luminance:  Peak  Luminance,  Average  Luminance, 
and  Raster  Luminances.  (Continued) 
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Figure  4.4-9.  The  Effect  of  Beam  Current  on  Three  Meas- 
ures of  CRT  Luminance:  Peak  Luminan:e,  Average  Lumi- 
nance, and  Raster  Luminance.  Parts  (a)  and  (b)  of  this 
figure  show  the  difference  in  spot  and  raster  luminance  as 
a function  of  beam  current  for  a shadow  mask  CRT.  The 
nonlinearity  of  the  spot  luminance  is  considerably  greater 
than  that  for  the  raster  ( Ref.  11).  Part  (c)  shows  one  of 
the  causes  for  this  difference.  As  beam  current  is 
increased,  the  spot  grows  in  diameter.  The  increase  in  size 
accelerates  as  the  beam  current  increases.  As  a result,  the 
increased  current  is  being  spread  over  a larger  area  so  the 
average  luminance  increases  more  slowly  than  the  beam 
current. 

The  change  in  spot  size  also  affects  resolution  and  con- 
trast transfer  in  both  the  horizontal  and  vertical  directions 
(see  Figure  4.1-2)  as  well  as  ripple  modulation  (Figure 

4.4-16). 


Part  (d)  shows  the  average  spot  luminance  curves  plotted 
as  a function  of  current  density,  which  compensates  for 
the  increased  area.  The  luminance  of  the  red  phosphor  has 
now  become  linear.  The  peak  spot  luminance  shown  in 

4.4- 9  (e)  is  linearly  related  to  current  density  for  all  three 
phosphors. 

Parts  (f)  and  (g)  represent  the  effects  of  spot  size  on  both 
the  average  spot  and  raster  luminances  for  the  red  phos- 
phor. The  spot  has  been  made  larger  by  intentionally 
defocusing  it.  While  the  spot  luminance  is  less  because  the 
energy  of  the  beam  is  being  spread  over  a larger  area,  the 
raster  luminance  remains  constant.  This  is  an  illustration 
of  the  integrating  effect  of  the  raster.  The  effects  of  spot 
size  on  raster  luminance  for  the  blue  and  green  phosphors 
involve  an  interaction  with  a change  in  decay  time  as  a 
function  of  beam  current  and  are  covered  in  Figure 

4.4- 10. 
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(c)  AVERAGE  SPOT  LUMINANCE  FOCUS/DEFOCUS 
EFFECTS,  GREEN  PHOSPHOR  FOR  A SHADOW 
MASK  CRT 


(d) 


RASTER  LUMINANCE  FOCUS/DEFOCUS  EFFECTS, 
GREEN  PHOSPHOR  FOR  A SHADOW  MASK  CRT 


Figure  4.4-10.  Spot  and  Raster  Luminance  for  Blue  and 
Green  Phosphors  as  a Function  of  Beam  Current  and  Spot 
Size.  Unlike  the  red  phosphor  reported  in  Figures  4.4-9 
(e)  and  (f),  the  raster  luminance  of  the  blue  and  green 
phosphors  change  with  changes  in  spot  size.  This  is  attrib- 
uted to  the  fact  that  decay  time  for  both  phosphors  is  a 
function  of  beam  current,  as  shown  in  parts  (a)  and  (b)  of 
this  figure. 


As  with  other  phcsphors,  spot  luminance  declines  as  spot 
size  increases  if  the  beam  current  is  kept  constant.  How- 
ever, because  of  their  current-dependent  decay  character- 
istics, the  raster  luminance  increases,  rather  than  staying 
the  same.  This  is  because  as  the  beams  for  these  two  phos- 
phors spread  and  activate  the  surrounding  dots  of  either 
color  at  low  current  levels,  those  dots  respond  with  rela- 
tively long  decay  times.  The  net  effect  is  to  increase  the 
integrated  luminance  of  the  raster  (Ref.  11). 
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Figure  4.4-11.  Nonuniformities  in  CRT  Luminance.  Both 
systematic  and  nonsystematic  nonuniformit'as  are  found 
in  the  luminance  of  CRT  displays.  Unless  they  are  severe, 
they  are  generally  unnoticed  even  by  practiced  observers. 
No  data  are  available  to  provide  information  on  the 
effects  of  these  differences  on  photo  interpretation  tasks. 

Nonuniformities  can  be  caused  by  phosphor  burn.  If  a 
beam  of  too  high  an  intensity  strikes  the  phosphor,  or  if 
the  scanning  circuit  fails  and  the  beam  either  stops  or 
moves  very  slowly,  the  energy  can  vaporize  the  phosphor, 
leaving  spots  or  streaks  (Ref.  12).  Photosensitive  surfaces 
of  vidicons  are  very  susceptible  to  similar  burns  by  intense 
light  (Rtf.  1J). 

Nonsystematic  variations  in  screen  luminance  caused  by 
CRT  defects  are  called  blemishes.  The  definition  of  blem- 
ish given  below  and  the  four  general  categories  listed  are 


from  Ref.  14  and  were  developed  for  calhoile  ray  charge 
storage  tubes.  With  the  exception  of  the  storage  assembly, 
the  definition  is  useful  for  normal  CRT’s.  A blemish  is 
defined  as  ". ...  a localizeo  imperfection  of  the  storage 
assembly,  phosphor  screen,  or  faceplate  that  produces  an 
abrupt  variation  in  output  luminance.” 

Four  general  categories  of  blemishes  are  identified  in  the 
reference  document: 

• Static,  whose  presence  is  not  a function  of  writing  or 
erasing  rates 

• Dynamic,  whose  presence  is  a function  of  writing  or 
erasing  rates 

• Light,  which,  under  specified  test  conditions,  are 
brighter  than  the  background  luminance 

• Dark,  which,  under  specified  test  conditions,  are  darker 
than  the  background  luminance 

(Continued) 
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4.4.1  CRT  LUMINANCE  (CONTINUED) 


Reference  15  categorizes  blemishes  as  follows; 

The  variation  in  luminance  as  the  screen  is  scanned  by  an 
unmodulated  electron  beam.  The  amplitude  of  the  appar- 
ent screen  noise  will  depend  on  screen  structure,  effective 
beam  size,  and  many  other  factors. 

• Mottled  Screen 

Screen  areas  of  ’/*"  to  1"  diameter  with  broad,  diffuse 
boundaries  which  form  a mosaic  of  generally  low  light 
output. 


Areas  with  discrete  boundaries  which,  under  cathode 
ray  excitation,  may  be  dark  Oi  any  color;  for  example, 
black  for  a particle  of  opaque  material,  and  blue  or 
green  for  point-poisoned  phosphor  or  a so-called 
"water-mark." 

• Haio  Spot 

A hazy  dark  spot  with  surrounding  halo  which  appears 
only  on  the  excited  portion  of  nonaluminized  screens, 
changing  in  size  with  time,  sometimes  even  disappear- 
ing and  reappearing. 

• Yellow  Center  * 

A large  centrally  located  screen  area  which  appears 
more  yellow  than  surrounding  screen  areas. 

• Dark  Center 

A screen  area  which  is  darker  than  the  surrounding 
area,  and  which  becomes  mere  pronounced  as  anode 
voltage  is  decreased. 

• Blue  Edge  * 

An  edge  area  of  the  screen  which  appears  bluer  than 
the  central  screen  area. 

• Yellow  Edge* 

An  edge  area  of  the  screen  which  appears  more  yellow 
than  the  central  screen  area. 

• XBurn 

An  "X"  shaped  dark  pattern  visible  only  under  cathode 
ray  excitation  which  becomes  more  pronounced  with 
continued  operation. 

• Ion  Burn 

A centrally  located  dark  area  that  becomes  more  pro- 
nounced with  continued  operation. 

• Applies  particularly  to  P4-type  screens. 


• Pattern  Burn 

An  area  of  higher  or  lower  light  output  with  sharp 
boundaries  corresponding  to  the  size  and  location  of 
the  previously  used  excitation  pattern. 

• Raster  Burn 

A special  case  of  a pattern  burn  in  which  no  video 
Information  is  present. 

Defects  peculiar  to  color  CRT's  are  listed  as: 

• Cross  Contamination 

Contamination  of  one  primary  phosphor  by  one  or 
more  of  the  other  phosphors. 

• Poisoned  Primary 

Unintentional  change  in  color  or  ef'’’ciency  of  a phos- 
phor during  tube  processing. 

• Desaturated  Primary 
Colorimetric  dilution  of  a primary. 

• Misregistry 

Improper  alignment  of  screen  elements  relative  to  the 
proper  impingement  of  the  electron  beam. 

• Nonuniform  White 

Variation  in  luminance  and/or  chromaticity  of  a white 
field. 

• Color  Haze 

A band  of  color  at  the  far  edge  of  a white  field  associ- 
ated with  the  observer's  viewing  angle. 

Systematic  nonuniformity  is  found  in  the  difference 
between  the  center  and  edges  of  the  tube,  caused  largely 
by  the  oblique  angle  with  which  the  beam  strikes  the 
tube.  The  two  illustrations  in  this  figure  show  the  results 
of  measurement  on  production  color  CRT's  (Ref.  16,0. 
Only  the  results  for  one  quadrant  of  the  tube  are  shown. 

In  part  (a)  of  this  figure,  the  luminance  of  the  corner  cell 
is  63  percent  of  the  center  luminance.  In  (b)  it  is  53  per- 
cent. Observers  were  reported  to  be  unaware  of  the  differ- 
ences between  the  tubes  when  viewed  side-by-side  until 
they  were  told  what  to  look  for.  The  article  reporting 
these  results  was  directed  at  luminance  measurement  tech- 
niques rather  than  CRT  luminance  nonuniformities.  As  a 
result,  details  of  the  conditions  for  obtaining  the  subjec- 
tive comparison  data  are  lacking.  However,  it  is  valuable 
to  note  that  the  37-percent  fall-off  in  luminance  for  the 
tube  in  Figure  4.4-1 1(a)  (100  to  63  percent)  is  reported  to 
a typical  production  tube  and  thus  represents  a normal 
rather  than  unusual  condition.^ 
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SECTION  4.4  ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 


4.4.2  RESOLUTION  AND  MODULATION  TRANSFER  IN  CATHODE  RAY  TUBES 


For  the  purpr>sc  of  ihis  book,  the  topics  of  icsohitioii 
aiul  modulation  (or  contrast)  transfer  for  CRT's  are 
considered  tr>t:ether.  As  shown  in  Sections  .1.1..^,  3.1.4, 
and  d.l.-S.  visual  performance  depends  upon  hot  i the 
spatial  and  contrast  characteristics  of  the  object  being 
viewed.  In  addition  the  two  interact  in  the  image- 
forming prrK'ess  of  electro-optical  systems.  . o treat 
them  separately  here  would  add  unnecessary  complexity 
to  the  discussion. 


The  periodic  nature  of  the  sampling  process  used  in 
electro-opdeal  imagery  generates  artifacts  in  both  the 
spatial  content  and  contrast  of  the  imagery.  These 
problems  were  inlrodiiced  in  Figures  4.1-3  and  4.1-4.  In 
addition,  the  c;uant=/ing  of  the  intensity  signal  for  digital 
systems  intrrxJuccs  additional  artifacts  and  errors  in  the 
area  of  contrast  (Figure  4.1-5). 


4.4-15 


SECTION  4.4  ELECTRO  OPTICAL  DISPLAY  CHARACTERISTICS 


4.4.2  RESOLUTION  AND  MODULATION  TRANSFER  IN  CATHODE  RAY  TUBES  (CONTINUED) 
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Figure  4.4-12.  Relationships  Among  Bandwidth,  Signal 
Modulation,  and  Resolution  for  an  Analog  Line  Scan  Sys- 
tem. Analog  line  scan  system  displays  are  those  in  which 
i!ie  strength  of  a signal  is  determined  by  its  amplitude.  As 
was  pointed  out  in  Figure  4.1-7,  part  of  which  is  repro- 
duced here,  this  amplitude  is  not  transmitted  equally  well 
for  all  signal  frequencies,  the  amplitude  of  the  higher  fre- 
quencies being  attenuated  by  the  electronic  circuits  of  the 
system.  The  bandwidth  of  a system,  defined  in  terms  of 
modulation  transfer,  is  the  frequency  at  which  the  output 
signal  modulation  is  too  low  to  serve  the  purposes  of  the 
system.  In  the  illustration  shown  here,  one  level  was 
chosen  as  the  point  at  which  the  output  modulation  was 
one-tenth  of  the  input  modulation,  (20  dB  of  attenua- 
tion). Frequently  in  TV  systems  this  level  is  chosen  at  a 
70  percent  modulation  transfer  factor  level  (3  dB  of 
attenuation).  Whatever  value  of  modulation  transfer 
factor  is  chosen  as  representing  the  bandwidth  of  the 
display  electronics,  calculations  of  the  theoretical 
horizontal  resolution  of  the  CRT  can  be  based  upon  it. 

In  calculating  horizontal  resolution  from  bandwidth  infor- 
mation for  analog  line  'can  systems,  it  is  necessary  to  con- 
sider the  following: 

• Frame  rate 

• TV  line  number  of  the  system 

• Aspect  ratio  of  the  raster 

• Propertion  of  each  line  scan  period  required  for  hori- 
zontal retrace 

• The  fact  that  1 cycle  of  the  signal  equals  2 TV  lines 

The  use  of  these  factors  in  bandwidth  calculations  have 
been  presented  before  in  Figure  4.1-8. 

The  relationship  between  horizontal  resolution  and  the 
aspect  ratio  of  the  raster  is  described  in  Figure  4.1-6.  In 
TV  systems,  horizontal  resolution  is  measured  over  a dis- 
tance equal  to  the  vertical  dimension  of  the  raster.  There- 
fore, in  a rectangular  display  3 units  high  and  4 units 
wide,  horizontal  resolution  will  be  expressed  in  the  num- 
ber of  equivalent  TV  lines  resolved  in  3 of  the  4 hori- 
zontal units,  or  3/4  the  horizontal  dimension.  For  a 
square  raster,  the  vertical  and  horizontal  dimensions  are 
the  same,  so  horizontal  resolution  is  expressed  as  the  num- 
ber of  equivalent  TV  lines  across  the  entire  horizontal 
dimension. 


For  NTSC  525-TV-line  systems,  the  horizontal  retrace 
time  takes  approximately  17  percent  of  the  time  available 
for  each  active  TV  line,  leaving  83  percent  for  writing  the 
line,  sometimes  referred  to  as  the  active  portiun  of  the 
line. 


The  theoretical  value  for  horizontal  resolution  is  obtained 
by  the  following  formula: 


TVLh 


BWu 

, , L! A X T X 2 

Rf  xTVLj 


where: 


TVLf,  = horizontal  resolution  in 

equivalent  TV  lines 

BWf,  = highest  frequency  in  the  bandwidth 

Rf  = frame  rate 

TVLj  = the  system's  TV  line  number 

A = 1 /aspect  ratio 

Tw  = active  time  proportion  of  each  line 

2 = number  of  TV  lines  per  cycle 

The  expression  (A  x T^  x 2)  can  be  reduced  to  one  factor 
for  a raster  with  a 4:3  aspect  ratio,  and  to  another  for  a 
square  raster  (1 :1)  aspect  ratio,  as  follows: 


For  a raster  with  a 4:3  aspect  ratio: 


(A  X x 


0.75 

0.83,  therefore 
0.75  X 0.83  X 2 
1.245 


For  rasters  with 
A X T^„ 


1 :1  aspect  ratio: 

A = 1 

Tyy  = 0.83,  therefore 
= 1 X 0.83x2 
= 1.66 


Horizontal  resolution  calculations  for  a display  with  a 4:3 
aspect  ratio  becomes. 


TVLh 


1.245  BW^ 
Rf  xTVLs 


(Continued) 
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Figure  4.4  12  (contiiiued) 


For  the  following  system: 

• Bandwidth  = 4,5  MHz 

• Frame  Rate  = 30 

= 525 

(1.245)(4.5  x 10^1 
30  X 525 


• TVLs 
TVLh 


= 356 

Caution  should  be  used  in  employing  the  0.83  figuie  for 
the  active  portion  of  the  scan  line.  Non-NTSC  systems 
may  have  other  values,  and,  if  critical  calculations  are  to 
be  made,  the  value  to  be  used  for  the  active  portion 
should  be  checked  in  each  case. 


If  a squ’re  raster  rather  than  one  with  a 4:3  aspect  ratio 
were  used: 


TVLh 


n.66)(4.5x  1q6| 
30  X 525 


= 474 

These  formulas  can  aiso  be  used  to  calculate  the  hori- 
zontal resolution  in  TV  lines  for  any  specific  frequency  in 
the  bandwidth.  For  instance,  for  a 1-MHz  band.vidth  dis- 
played on  a raster  with  a 4:3  aspect  ratio  using  a 525-TV- 
line  system  with  a 30-Hz  frame  rate; 


TVLh 


1.245  X (1  X 1Q6) 
30  X 525 


= 79 


If  this  signal  were  displayed  over  a distance  of  20  cm  (7.9 
in),  each  equivalent  TV  line  would  be  20/79  or  0.25  cm 
(0.1  in)  long.  The  spatial  frequency  of  the  signal  would  be 
4 cycles/cm  (10  cycles/in). 

The  numerical  value  for  horizontal  resolution  determined 
by  these  calculations  must  be  considered  as  theoretical 
because  the  modulation  transfer  factor  chosen  as  the 
limiting  value  for  band-width  determinations  refers  to  the 
modulation  of  the  electrical  signal  and  no*,  to  the  modu- 
lation of  the  electrical  signal  and  not  to  the  modulation 
of  the  luminances  created  by  the  image  generator  (usually 
a CRT  or  optical  line  scan  image  generator).  These  latter 
values  are  more  important  to  the  interpretation  function 
and  must  be  considered  by  the  designer.  The  reason  for 
this  is  that,  in  effect,  the  useful  resolution  limit  of  the 
system  is  set  by  the  visual  detection  of  the  signal.  The 
modulation  in  the  electrical  signal  may  be  such  that  a 
linear  transfer  to  luminance  modulation  would  put  the 
resultant  image  above  the  threshold  needed  fot  vision 
(see  Sections  3.1  and  3.2),  but  such  transfer  rarely 
occurs.  Major  sources  of  modulation  loss  for  CRT  images 
occur  through  internal  scattering  in  the  phosphor  and 
CRT  faceplate  (Figure  4.4-25)  and  through  the  reflection 
of  ambient  illumination  falling  on  the  faceplate  and 
phosphor  screen  (Figure  4.4-26).  To  determine  the  ef- 
fective visual  resolution  of  the  system,  the  display  design- 
er must  determine  values  for  these  factors  from  the 
characteristics  of  the  particular  tube  he  intends  to  em- 
ploy and  the  ambient  illumination  predicted  to  fall  on 
the  face  of  the  tube  insthe  particular  work  environment 
planned  for  the  system. 
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(a)  ANALOG-TO-DIGITAL  ENCODING 
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Figure  4.4-13.  Relationships  Among  Bandwidth,  Resolution,  and  Modulation  Transfer  in  Digital  Systems.  (Continued) 


SECTION  4.4  ELECTRO-OPTICAL  DISPLAY  CHARACTERISTICS 

4.4.2  RESOLUTION  AND  MODULATION  TRANSFER  IN  CATHODE  RAY  TUBES  (CONTINUED) 


Figure  4.4-13.  Relationships  Among  Bandwidth,  Resolu- 
tion, and  Modulation  Transfer  in  Digital  Systems.  In 
Jigiial  systems,  the  signal  strength  is  quantized  and  con- 
verted into  a binary  signal,  usually  in  the  form  of  a string 
of  discrete  pulses.  (See  Figure  4.1-5  for  a description  of 
the  quantizing  process.)  The  present  figure  discusses  the 
use  of  pulse  code  modulated  transmission  systems  for 
digital  imagery.  Tvt  o types  are  illustrated,  linear  encoded 
K'M  and  differentie'  encoded  PCM.  These  are  commonly 
referred  to  as  PCM  and  DPCM  systems  respectively.  The 
treatment  is  intended  to  give  the  display  designer  an 
insight  into  the  implications  of  such  systems  with  regard 
to  the  imagery  they  generate.  It  is  not  intended  as  a treat- 
ment of  the  systems  themselves. 

The  circuitry  of  the  camera,  or  other  device  such  as  a 
computer,  which  generates  the  signal,  codes  the  signal 
strength  into  a chain  of  pulses  having  the  appropriate  pat- 
tern. The  circuit  in  the  receiver  or  display  device  decodes 
the  signal  and  converts  it  into  an  appropriate  voltage  for 
use  by  the  CRT,  optical  line-scan  image  generator,  or 
other  display  device.  Part  (a)  of  this  figure  illustrates  a 
linear  encoding  scheme.  In  such  a scheme  the  range  of  the 
analog  signal  strength  to  be  used  is  divided  into  equal 
steps  and  each  is  assigned  a coded  strength  value.  Part  (b) 
illustrates  how  a train  of  analog  and  digital  signals  relate 
to  each  other.  It  is  important  to  note  that  the  three- 
position  digital  pulse  code  must  be  repeated  for  each  half 
of  the  cycle  for  analog  signal,  or,  in  terms  of  horizontal 
TV  resolution,  once  for  each  TV  resolution  line. 

With  respect  to  the  circuitry  of  the  system  and  for  band- 
width calculations,  each  pulse  represents  a cycle.  For  the 
3-bit  quantizing  illustrated  here,  six  cycles  are  required  to 
carry  the  digitized  signal  level  code  for  each  cycle  of  the 
analog  signal.  The  bandwidth  required,  then,  is  a factor  of 
2x  (quantizing  level  in  bits)  greater  than  the  bandwidth 
needed  for  an  analog  system  having  equivalent  resolution. 

PCM  systems  offer  advantages  over  analog  systems,  partic- 
ularly in  their  ability  to  operate  at  much  lower  SNR's  and, 
for  a given  circuit,  at  lower  MTF’s,  making  a greater  por- 
tion of  the  circuit's  frequency  range  available.  These  fea- 
tures, especially  the  first,  make  digital  systems  desirable 
for  many  applications  in  spite  of  the  bandwidth  penalty 
they  impose.  In  addition,  many  techniques  are  available 
for  reducing  the  bandwidth  requirements.  A detailed  dis- 
cussion of  these  techniques  is  beyond  the  scope  of  this 
book;  however,  one  technique  involves  transmitting  the 
change  in  signal  level,  not  the  level  itself,  and  further, 
limiting  the  number  of  steps  by  which  the  signal  can  be 
changed  between  adjacent  resolution  elements  or  pixels 
(1/2  cycle  of  the  analog  signal).  This  technique  is  called 
differential  pulse  code  modulation  (DPCM). 

Parts  (d)  and  (e)  of  this  figure  illustrate  two  simple  imple- 
mentations of  this  technique.  There  are  many  others.  For 
this  illustration  a 4-bit  quantizing  level  has  been  chosen, 
and  two  of  the  many  possible  ways  of  using  those  levels  to 
transmit  changes  of  up  to  256  levels  of  signal  strength  are 
illustrated.  The  four-bit  signal  will  require  2x4  or  8 times 
the  i andwidth  of  the  analog  signal,  but  only  one-half  the 
bandwidth  of  the  8-bit  signal. 

In  DPCM  systems,  1 bit  is  used  to  designate  the  direction 


of  the  change  (up  or  down),  so  for  a 4-bit  system  the 
other  three  are  used  to  designate  the  amount  of  change. 
By  letting  1's  designate  a pulse,  and  O's  no  pulse,  the  four 
bits  are  used  to  encode  the  changes  as  follows: 

Signal-level  binary  code  Number  of  steps 


000 

0 

001 

1 

010 

2 

100 

4 

oil 

8 

110 

16 

101 

32 

111 

64 

Part  (c!  of  this  figure  shows  a hypothetical  analog  signal 
whose  strength  changes  from  a level  of  250  to  zero  in  one 
step,  and  then  from  zero  back  to  250  in  another. 

Part  (d)  shows  the  steps  taken  to  go  from  250  to  zero 
without  generating  any  negative  values.  For  the  first  three 
steps  the  signal  is  dropped  the  maximum  amount  the  cod- 
ing system  will  allow,  64  levels.  At  the  end  of  the  third 
drop,  the  value  (58)  is  above  that  of  the  largest  step,  so 
the  next  largest  (32)  is  chosen  for  the  fourth  step.  After 
the  fourth  step  the  signal  value  is  26,  so  16  is  chosen  as 
the  fifth  step.  The  signal  strength  remaining  after  the  fifth 
step  has  a value  of  10,  so  8 is  selected  as  the  largest  step 
which  can  be  subtracted  without  creating  a negative  sig- 
nal. The  remaining  signal  now  has  a value  of  2,  and  this  is 
set  to  zero  in  the  last  step. 

Step  Amount  subtracted  Signal  level 




250 

1 

64 

186 

2 

64 

122 

3 

64 

58 

4 

32 

26 

5 

16 

10 

6 

8 

2 

7 

2 

0 

The  signal  is  returned  to  250  in  a similar  fashion.  In  part 
(e)  the  signal  is  allowed  to  assume  negative  values,  so  on 
the  fourth  step  64  is  subtracted,  which  causes  the  signal  to 
overshoot  the  zero  level  and  results  in  a signal  strength  of 
-6.  On  the  next  step  4 is  added  to  this  value,  and  on  the 
succeeding  step  2 is  added,  returning  the  signal  level  to  0. 
Since  in  a CRT  display,  signal  strengths  below  that  which 
cuts  off  the  electron  beam  are  displayed  as  having  zero 
strength,  the  display  will  be  correct  after  just  four  steps, 
rather  than  the  seven  needed  in  the  previous  example. 
However,  as  suggested  by  the  diagram,  the  overshoot  will 
be  displayed  when  the  signal  is  being  returned  to  the  250 
level. 

These  examples  are  used  to  illustrate  the  nature  of  the 
errors  that  occur  in  the  visual  representation  of  DPCM 
coded  signals.  Many  other  schemes  exist  for  coding  the 
changes.  A full  discussion  of  this  topic  is  outside  the  scope 
of  this  book.  The  interested  reader  should  consult  Ref.  17 
for  additional  sources  of  information. 

No  studies  could  be  found  which  systematically  related 
interpreter  performance  to  a range  of  DPCM  schemes. 
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HORIZONTAL  SPATIAL  FREQUENCY  (TV  lines/in) 


HORIZONTAL  SPATIAL  FREQUENCY  (TV  lines/cnn) 


RATIO  OF  TARGET  SPATIAL  FREQUENCY  TO 
SPOT  SIZE  FOR  A 1.18  GAUSSIAN  SPOT 


Figure  4.4-14.  Effect  of  Display  System  Bandwidth  on 
Image  Modulation  Response.  This  figure  is  included  to 
illustrate  the  fact  that  increasing  the  bandwidth  of  a CRT 
display  system  does  not  necessarily  improve  its  resolution 
(Ref.  IS.C).  The  modulation  transfer  factors  for  horizon- 
tal square-wave  targets  were  measured  for  three  band- 
width/TV line  conditions;  8 Hz  and  525  TV  lines,  16 
MHz  and  945  lines,  and  32  MHz  and  1 ,225  lines.  Approxi- 
mating horizontal  resolution  with  the  formula; 


Horizontal  resolution 


1.245  (bandwidth) 
(frame  rateHTV  lines! 


(See  Figure  4.4-12) 

The  ratios  of  the  horizontal  resolution  for  the  8,  16,  and 
32  MHz  systems  were  approximated  using  this  formula 
and  found  to  be; 


Relative  Horizontal  Resolution 


Bandwidth 

(MHz) 

TV  lines 

Approximated 

Measured 
(at  MTF  ~0) 

8 

525 

1.00 

1.00 

16 

945 

1.11 

0.86 

32 

1,225 

1.72 

0.71 

The  calculations  are  only  approximations,  but  they  are 
accurate  enough  to  shov  that  for  the  system  studied 
there  was  a failure  to  achieve  the  horizontal  resolution 
increase  which  would  be  predicted  using  bandwidth  calcu- 
lations. In  addition  the  higher  bandwidth  configurations 
should  have  improved  the  modulation  transfer  factors  for 
the  lower  frequencies.  The  author  reported  that  no  unam- 
biguous reason  was  found  for  these  results. 

The  designer  of  CRT  display  systems  must  recognize  that 
to  obtain  the  benefits  of  increased  bandwidth,  great  care 
must  be  taken  to  ensure  that  ail  elements  of  the  system  will 
operate  effectively  at  the  planned  frequencies. 


Figure  4.4-15.  Effect  of  Spot  Size  on  Horizontal  Modula- 
tion Transfer  in  Line  Scan  Systems.  The  accompanying 
graph  shows  the  effect  of  the  size  of  a scanning  spot  hav- 
ing a Gaussian  point  spread  function  on  the  horizontal 
modulation  transfer  characteristics  of  a CRT  (Ref.  19). 
The  data  are  plotted  as  the  ratio  of  the  spatial  frequency 
of  the  signal  to  the  spot  size.  The  spot  size  is  taken  to  be 
1.18o  which  gives  an  overlap  between  scan  lines  at  the 
50-percent  intensity  level  of  the  line  spread  function. 

The  curves  represent  the  modulation  transfer  function  for 
the  spot  and  do  not  take  into  consideration  the  modula- 
tion losses  in  other  parts  of  the  system.  If  a high- 
frequency  signal  has  a modulation  transfer  factor  of  0.1 
and  has  a spatial  extent  on  the  screen  1 .3  times  the 
diameter  of  the  spot,  the  modulation  on  the  screen  will  be 
the  product  of  the  modulation  transfer  factor  of  the  signal 
and  tne  modulation  transfer  factor  of  the  spot.  In  this 
case,  the  value  is  0.1  x 0.1,  or  0.01.  A modulation  in  the 
original  scene  of  1.0  would  be  reproduced  at  0.01  for  that 
spatial  frequency.  In  actual  practice,  the  modulation  of 
the  imagery  will  be  reduced  still  further  through  the 
effects  of  internally  scattered  light  in  the  faceplate  (Figure 
4.4-25)  and  by  reflected  ambient  light  (Figure  4.4-26). 
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Figure  4,4-16.  Ripple  Modulation  and  Contrast  Function 
of  Raster  Pitch.  Ripple  modulation— the  variations  in 
luminance  across  a raster  caused  by  overlapping  scan 
lines— is  described  in  Figure  4,4-1.  For  overlapping  lines 
with  Gaussian  line  spread  functions,  the  ripple  is  nearly 
sinusoidal  up  to  a raster  pitch  of  approximately  4 (Ref. 
20).  Part  (a)  of  this  figure  can  be  used  to  determine  the 
ripple  modulation  for  a flat  field  display  condition.  It 
also  can  be  used  to  estimate  the  maximum  modulation 
for  a series  of  evenly  spaced  lines  separated  by  chosen 
distances  whether  or  not  they  are  adjacent  scan  lines  of  a 
raster.  The  actual  values  of  the  ripple  modulation  will  also 
depend  upon  scattered  light  within  the  faceplate  of  the 
tube  (Figure  4.4-25),  the  amount  of  ambient  illumination 
falling  on  the  face  of  the  tube  (Figure  4.4-26),  and  any 
filters  used  to  reduce  the  effect  of  the  ambient  light 
(Figure  4.4-27). 

Luminance  values,  without  consideration  for  scattered  or 
arrhient  light,  can  be  calculated  for  any  spot  on  a raster  or 


periodic  series  of  scan  lines  of  equal  intensity  by  using  the 
formula  (Ref.  20): 


B = 

n = oo 
n = - oo 

-(nh-y)2  /2o^ 

where  B 

= 

luminance  at  a point  at  distance  y 
from  the  cemer  of  a reference  scan 
line  in  the  raster 

n 

number  of  scan  lines  from  the 
reference  line 

h 

= 

center-to-center  spacing  of  the 
scan  lines 

(7 

= 

standard  deviation  of  the  line 
spread  function 

(Continued) 
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Figure  4.4-16.  (continued) 

The  summation  is  shown  in  the  formula  for  values  of  n 
between  ± infinity.  While  theoretically  correct  because  of 
the  nature  of  the  Gaussian  spread  function  (see  Figure 
4.1-9),  in  practice  summing  over  n = ±10  will  introduce 
no  significant  errors.  For  pitches  of  2.67  or  less,  summing 
over  only  ±3  scan  lines  is  usually  sufficient. 

By  calculating  values  for  L (y)  at  y = 0 and  y = h/2,  the 
maximum  and  minimum  luminances  of  the  raster  can  be 
obtained.  Adding  these  values  to  the  formula  for  modu- 
lation (Cj^),  we  have; 

r...  = ^max  ■ ^min 

'■max  '■min 

where 

'-max  “ maximum  luminance  and 

L^jf,  = minimum  luminance 

(See  Figure  3.1-10.) 


The  results  of  these  calculations  ,.rs  shown  in  the  table 
in  part  (c). 

As  Figures  4.4-25  and  4.4-26  suggest,  in  practice  these 
values  may  be  high  depending  upon  the  amount  of 
internally  scattered  and  ambient  light  present. 

For  an  illustration  of  the  luminous  intensity  profiles  of 
widely  spaced  lines,  see  Figure  4.3-20. 


Figure  4.4-17.  Relative  Horizontal  and  Vertical  Response 
of  Shadow  Mask  and  T rinitron  Color  T ubes.  These  two 
curves  (Ref.  21)  show  the  relative  horizontal  and  vertical 
responses  of  the  shadow  mask  and  trinitron  color  CRT's. 

Although  not  stated  by  the  authors,  it  is  assumed  that 
these  curves  represent  the  relative  responses  of  tubes  with 
aperture  grills  and  discontinuous  phosphors  (matrix  or 
stripes)  compared  to  those  in  tubes  lacking  aperture  grills 
and  having  continuous  phosphor  coatings.  Because  of  the 
difference  in  the  geometry  of  the  two  aperture  masks 
and  phosphor  patterns  described  in  Figure  4.4-8,  the 
tubes  display  different  response  characteristics.  The 
shadow  mask  tube  having  horizontally  staggered  phos- 
phor dots  as  opposed  to  the  discrete  grill  of  the  trinitron, 
shows  somewhat  better  horizontal  response.  On  the 
other  hand,  the  trinitron,  having  a continuous  aperture 
in  the  vertical  direction,  shows  (as  would  be  expected) 
no  loss  in  comparison  to  tubes  with  continuous  phos- 
phor coatings  that  do  not  have  aperture  grills. 
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(a)  l:ne 

NUMBER 


DISTANCES  USED  TO 
COMPUTE  LINE  PAIRING 
(dj  and  dji 


(b)  LINE 


SCANNING 
OF  CAMERA 
RASTER 


LINE 

NUMBER 


SCANNING 
OF  MONITOR 
RASTER 


Ui 


(d) 


I 


DUE  TO  PAIRING 


Figure  4.4-18.  Effects  of  Line  Pairing  on  Vertical  Resolu- 
tion and  Modulation  Transfer.  Line  pairing  occurs  to 
some  extent  in  practically  all  interlaced  line  scan  sys^ims. 
It  occurs  when  the  lines  of  the  two  interlaced  fields  do 
not  fall  exactly  between  one  another.  It  is  expressed  in 
percent  and  calculated  by  the  formula:  (Ref.  22); 

Percent  pairing  = 1*^1  ~ ^2  I x 100 
d-j  + d2 

where  d^  = distance  from  line  1 to  line  2,  and 
d2  = distance  from  line  2 to  line  3 
(see  part  (a)  of  this  figure) 


Four  types  of  line  pairing  can  occur; 


TV  LINE  NUMBER 

EFFECT  OF  LINE  PAIRING  IN  CRT  ON 
FLAT-FIELD  RIPPLE  MODULATION 


• In  the  camera  only 

• In  the  monitor  or  CRT  only 

• In  both  camera  and  monitor  in 
equal  amounts 

• In  both  camera  and  monitor  by 
differing  amounts 

An  example  of  this  last  case  is  shown  in  part  (b)  of  this 
figure. 

Part  (c)  of  this  figure  shows  the  effect  of  line  pairing  on 
the  flat-field  ripple  modulation  of  the  monitor.  The  exam- 
ple is  for  I raster  with  a pitch  of  2.36  (line  overlap 
at  the  50-percent  intensity  level).  For  the  four  conditions 
the  modulations  between  points  (1)  and  (V)  and  between 
points  (2)  and  (2')  are  as  follows; 

(Continued) 
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Figure 

Line  Pairing 
(percent) 

Modulation  (C,^) 
Points  Points 

(D-m 

(2)-(2') 

<=1 

0 

0.059 

0.059 

C2 

2 

0.044 

0.069 

C3 

5 

0.026 

0.093 

C4 

These  figures 

10  0.004  0.136 

do  not  take  into  account  any  modulation 

loss  due  to  illumination  of  the  screen  by  arrtient  light  or 
internal  reflections  in  the  faceplate.  They  represent  the 
maximum  that  would  be  expected.  Values  for  other  raster 
pitches  and  percentage  of  line  pairing  can  be  calculated 
from  summed  intensity  values  using  the  formula  from 
Figure  4.4-16: 

p = OO  0 0 

-Inh-y)2/2a2 

L(y)  = X 6 
n = -oo 


This  formula  is  also  oresented  in  Figure  4.1-9.  For  pitches 
of  2.67  or  less,  summing  over  only  ± 3 scan  lines  will 
not  introduce  a significant  error  into  the  calculations. 

Line  pairing  reduces  modulation  transfer  in  two  ways. 
First,  the  uneven  spacing  of  the  lines  creates  uneven 
sampling  of  the  scene  by  the  camera.  This  limits  the  maxi- 
mum spatial  frequency  that  can  be  resolved  in  the  scene. 
Second,  when  the  pairing  in  the  image  generator  (camera 
or  other  device)  and  the  monitor  aie  different,  the  detail 
response  is  lowered  for  all  line  numbers,  but  more  for  the 
higher  ones  than  the  lower.  The  presentation  is  equivalent 
to  two  misrcgistered  images.  This  condition  also  occurs 
when  either  image  generator  or  monitor  exhibits  pairing. 
The  loss  of  resolution  can  be  equated  to  a loss  of  band- 
width. Part  (d)  of  this  figure  shows  the  effective  band- 
width loss  as  a function  of  the  amount  of  pairing  (Ref. 
22). 

Pairing  in  the  monitor  is  easier  to  detect  visually  than 
pairing  in  the  image  generator.  This  is  because  when  pair- 
ing occurs  in  the  monitor,  banding  becomes  apparent  in 
the  imagery.  However,  where  pairing  occurs  only  in  the 
image  generator,  the  monitor  still  presents  an  image  that 
appeals  normal  to  casual  inspection. 


Figure  4.4-19.  Number  of  Visually  Detectable  Contrast 
Steps.  In  designing  displays  for  digital  imagery,  it  is  useful 
to  have  an  estimate  of  the  nu.  iber  of  contrast  steps  the 
visual  system  is  capable  of  detecting.  If  the  display  is 
designed  to  deliver  too  few,  image  content  will  be 
unnecessarily  lost;  if  the  display  delivers  too  many,  it  may 
be  unnecessarily  expensive  and  complex.  Unfortunately, 
at  this  time  it  is  only  possible  to  estimate  visual  perform- 
ance with  regard  to  the  viewing  conditions  and  task 
requirements.  The  graph  accompanying  this  figure  gives 
the  number  of  contrast  (C^j)  steps  which  can  be  displayed 
for  several  contrast  increments.  They  were  calculated 
from  the  formula 


logd  -rCd) 


where 

N = the  number  of  steps, 

^max=  maxinum display  luminance, 

Lmin  = minimum  display  luminance,  and 
Cj  = the  contrast  increment  determined 
by  the  formula: 

r _ ^max  “ ^min 

“ ‘“IT 

min 


(See  Figure  3.1-10  for  a description  of  the  relationships 
between  the  various  measures  of  contrast.)  The  number  of 
quantizing  levels  represented  by  the  contrasts  steps  is 
shown  on  the  lower  scale. 


Caution  must  be  exercised  in  interpreting  the  data  shown 
because  no  account  has  been  taken  of  the  contrast  losses 
which  occur  from  internally  reflected  light  (see  Figure 
4.4-25)  or  from  the  reflection  of  ambient  illumination 
(Figure  4.4-26). 

The  fact  that  the  display  may  be  capable  of  delivering  the 
number  of  contrast  steps  or  quantized  levels  does  not 
imply  that  they  can  be  detected  visually.  The  contrast 
required  for  visual  detection  depends  upon  the  luminance 
of  the  display,  the  size  (in  visual  angle)  of  the  target  to  be 
detected,  its  edge  gradients,  whether  or  not  it  is  cyclical  in 
nature,  and  the  background  in  which  it  is  imbedded  (see 
Section  3.1).  In  addition,  the  nature  of  the  visual  task  will 
influence  the  contrast  needed  for  its  perfo.  .1  i”.ce  (see 
Section  3.1G).  The  detection  of  the  presence  or  absence  of 
an  object  requires  considerably  less  contrast  than  its 
identification  as  a specific  type  of  target. 

These  factors  rrake  the  establishment  of  requirements  for 
contrast  in  displays  or  quantizing  levels  very  difficult  and 
preclude  the  selection  cf  a single  value  for  all  applications. 
Furthermore,  while  the  display  and  visual  system  may 
limit  the  range  of  quantized  levels  visible  at  any  one  time, 
this  does  not  mean  that  the  signal  from  the  sensor  should 
be  so  limited.  With  electronic  displays,  and  optical  line 
scan  printers,  the  signal  can  be  manipulated  and  various 
portions  presented  at  a time,  thus  preserving  information 
which  might  otherwise  be  lost. 

The  notations  at  the  top  of  the  figure  give  visual  perform- 
ance data  from  studies  previously  reported  in  other  sec- 
tions. They  are  provided  to  give  the  reader  an  idea  of  the 
wide  range  of  visual  contrast  detection  thresholds  and 
their  dependence  upon  viewing  conditions  and  type  of 
task. 
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Figure  4.4-19.  (text  on  preceding  page)  Number  of  Visually  Detectable  Contrast  Steps 
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Figure  4.4-20.  Quantizing  Errors  Expressed  as  Signal-to- 
Noise  Ratios.  Qtiaiitiziiig  errors  are  the  errors  in  signal 
strength  introduced  when  a continuously  varying  analog 
signal  is  converted  into  a fixed  number  of  discrete  steps  in 
the  quantizing  process  (see  Figure  4.1-5).  The  distribution 
of  these  errors  is  such  that  they  may  be  expressed  in  terms 
of  a signal-to-noise  ratio,  defined  in  the  same  way  as  has 
been  used  in  previous  discussions: 


SNR(db) 


20  log 


rms  signal 
rms  noise 


This  figure  shows  the  dependence  of  the  quantizing  SNR 
on  the  number  of  quantizing  levels  for  a quantizei  using 
Gaussian  signal  strength  steps.  The  figure  is  included  here 
as  an  example  of  the  type  of  relationship  which  exists 
between  quantizing  levels  and  signal-to-noise  ratios  (Ref. 
28).  Other  quantizing  schemes  will  have  similar  relation- 
ships but  different  absolute  values  of  SNR  as  a function 
of  quantizing  level.  To  determine  the  resulting  SNR  in 
decibels  when  a quantized  signal  is  displayed  on  a CRT 
system  with  a known  SNR,  both  ratios  are  converted  to 
power  and  added.  The  result  is  then  reconverted  to 
decibels.  For  instance,  if  a display  system  has  an  SNR 
of  35  dB  and  a 6-bit  quantized  signal  with  an  SN  R of 
30  dB  displayed  on  it  (see  the  graph),  the  new  SNR  is: 
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Figure  4.4-21.  Effect  of  Beam  Current  on  Horizontal 
Modulation  Transfer  Function  for  a Shadow  Mask 
Color  CRT.  It  was  shown  in  Figures  4.4-2(b)  and  4.4-9(c) 
that  spot  size  increases  as  beam  current  increases.  The 
effect  of  this  size  change  on  the  horizontal  MTF  for  a 
shadow  mask  CRT  is  shown  in  these  graphs.  In  part  (a) 
of  the  figure,  the  MTF's  of  three  levels  of  beam  current 
are  shown.  In  part  (b),  the  locus  of  the  points  represent- 
ing sine-wave  modulation  transfer  factor  of  0.5  is  plotted 
as  a fuirction  of  beam  current  and  target  spatial  frequency. 
(Ref.  29). 

Since  the  variations  in  luminance  comprising  an  image  on 
the  face  of  a CRT  are  produced  by  variations  in  the  beam 
current,  it  is  apparent  that  tha  modulation  transfer  charac- 
teristics of  a CRT  vary  as  a function  of  scene  luminance. 
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Figure  4.4-22.  Effect  of  Focus  Voltage  on  the  Modula- 
tion Transfer  Function  of  a Shadow  Mask  CRT.  The 
voltage  applied  to  the  focusing  coils  in  CRT's  affects  the 
modulation  transfer  function  of  the  signal  displayed  on 
the  screen  as  shown  in  this  graph.  The  "best  focus"  condi- 
tion was  subjectively  determined  by  viewing  the  CRT  on 
which  a test  pattern  was  displayed.  The  horizontal  MTF 
was  measured  for  this  voltage  and  for  ±100  volts  from 
that  figure.  There  was  very  little  difference  for  the 
decreased  voltage,  but  considerable  difference  for  the 
increased  voltage.  The  author  reports  that  the  higher 
voltage  resulted  in  a "significantly  degraded  image"  and 
that  "the  MTF  results  are  in  agreement  with  the  subjective 
viewing  results"  (Ref.  29).  The  method  of  obtaining  the 
subjective  viewing  results  was  not  reported. 

These  data  have  important  implications  for  the  calibration 
of  CRT's  to  be  used  in  critical  viewing  situations.  The 
voltage  producing  the  best  image  should  be  deterniined 
and  the  display  circuitry  adjusted  to  provide  it.  Further- 
more, it  should  be  checked  at  intervals  consistent  with  the 
stability  of  the  circuit. 


LINE 

NUMBER 


THREE-LINE  SEGMENT  OF  A CRT  RASTER 

REF.  30 


Figure  4.4-23.  Vertical  and  Horizontal  Aperture  Equaliza- 
tion. The  loss  in  signal  modulation  that  occurs  for  high- 
frequency  signals  can  be  compensated  for  by  horizontal 
aperture  equalization.  The  loss  in  imagery  modulation 
caused  by  the  line  spread  overlapping  of  scanning  lines  can 
be  compensated  for  by  vertical  aperture  equalization. 

In  horizontal  aperture  equalization,  the  high-frequency 
components  of  the  signal  are  amplified  to  increase  their 
modulation.  Unfortunately,  this  amplification  must  take 
place  after  noise  has  been  introduced  into  the  circuit:  the 
frequency  components  of  the  noise  that  correspond  to 
those  of  the  signal  being  amplified  are  also  amplified.  The 
result  is  an  overall  decrease  in  the  signal-to-noise  ratio  of 
the  system. 

Horizontal  aperture  equalization  circuits  are  routinely 
installed  in  high-quality  commercial  TV  systems. 

Vertical  aperture  correction  can  be  explained  with  the  aid 
of  the  diagram  in  this  figure.  The  numbers  1 through  9 
rep'-esant  areas  along  three  adjacent  scan  lines,  as  shown. 
Using  area  5 for  illustration,  during  the  time  that  areas  2 
and  8 were  being  written,  the  spread  function  of  the  beam 
caused  signals  from  these  areas  to  be  written  in  area  5 
also,  but  at  a much  lower  intensity.  By  electronically 
delaying  the  signals  from  areas  2,  5,  and  8 so  that  they  are 
all  present  simultaneously,  the  appropriate  proportions  of 
2 and  8 can  be  subtracted  from  5,  and  then  5 can  be  writ- 
ten with  the  spread  function  compensated  for  (Ref.  31 ). 
The  result  is  a much  sharper  appearing  picture.  The  elec- 
tronics associated  with  the  delay  circuits  is  complicateo, 
and  vertical  aperture  equalization  is  not  incorporated  in 
TV  monitors  as  standard  practice. 

The  compensation  contains  soire  errors  because  the  line 
spread  is  not  uniform  across  adjacent  lines,  being  greatest 
at  the  point  of  overlap  and  decreasing  following  a Gaus- 
sian distribution  as  it  cross  s the  adjacent  line.  Since  the 
subtraction  process  applies  to  the  entire  width  of  the  line 
being  corrected,  errors  are  introduced.  The  effect  these 
errors  would  have  on  the  extraction  of  information  from 
the  imagery  is  unknown. 
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Figure  4.4-24.  Limiting  Resolution  in  TV  Gambia  Tubes 
as  a Function  of  Image  Motion.  Two  principal  factors 
degrade  the  resolution  of  TV  cameras  for  rnoving  images. 
One.  called  signal  mi.xini;.  is  analogous  to  the  blur  caused 
when  the  shutter  speed  of  a conventional  camera 's 
slow  to  "stop"  the  motion  of  a moving  object.  In  the  case 
of  the  TV  camera,  the  image  formed  on  the  photosensor  is 
scanned  once  every  frame  for  conv^ntional  systems  il/30 
second  in  the  NTSC  system).  If  the  image  of  the  scene 
moves  during  this  time,  the  light  from  several  spots  in  the 
scene  will  pass  over  a single  spot  on  the  photosensor  and 
will  become  "mixed,"  or  added,  together;  the  result  will 
be  a blurred  image. 

A second  major  source  of  resolution  loss  is  called  "lag." 

The  term  "lag"  is  used  to  designate  the  residual  image  left 
on  the  photosensor  or  other  element  after  the  passage  of 
the  electron  beam.  It  is  measured  after  the  rernoval  of 
illumination  from  the  photosensor  as  the  third  field  i/eat.r 
(a(!;i.«.,the  residual  signal  strength  rernaming  on  the  third 
scan  after  the  removal  of  the  illumination  divided  by  the 
signal  strength  obtained  during  illumirtation.  It  may  also 
be  reported  as  the  proportion  of  the  signal  left  as  a func- 
tion of  time.  (See  Ref.  31  for  information  on  the  lag  char- 
acteristics or  specific  types  of  tubes.) 

The  results  shown  here  (Ref.  32)  are  for  electron  born- 
barded  silicon  devices  (EBS's),  a camera  tube  rtf  medium 
resolution  (Ref.  9)  primarily  used  fo'  lovy  light  level 
work.  While  each  type  of  tube  will  exhibit  its  own  abso- 
lute values  for  resolution  loss  for  moving  images,  these 
curves  indicate  the  qualitative  effects  for  all.  The  scene  la 
high-contrast  square-wave  target)  was  moved  at  tour 
soeeds-60.  20.  10,  and  5 seconds  per  picture  width,  in 
camera-tube  terminology,  "target"  refers  to  the  surface 
scanned  by  the  electron  beam.  In  EBS’s  the  performance 
of  the  tube  varies  with  the  voltage  on  the  target.  Tor  the 
results  reported,  two  target  voltages  were  employed,  7.b 
and  20  volts,  and  two  lag  values  were  used,  19  percent  and 
47  percent. 

The  method  of  displaying  the  information  and  performing 
the  observations  was  not  reported. 
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Figure  4.4-25.  Scattering  and  Internal  Reflection  of  Light 
in  Cathode  Bay  Tubes.  The  contrast  of  images  generated 
on  CRT's  can  be  seriously  degraded  by  reflection  within 
the  faceplate.  A small  contribution  is  made  by  light 
scattered  within  the  phosphor  and  reflected  from  its 
aluminum  backing.  Part  (a)  of  this  figure  shows  the  geom- 
etry of  the  scattering  that  takes  place  within  the  pnosphor 
and  from  the  aluminum  backing  (Ref.  33).  As  noted  by 
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dimension  A in  the  figure,  the  scattering  within  the  phos- 
phor is  approximately  equal  to  the  phosphor  thickness 
(Ref.  34).  Since  this  thickness  is  typically  only  a few 
micrometers  compared  to  spot  sizes  of  several  hundred 
micrometers,  the  image  degradation  from  this  source  is 
negligible.  Wnile  the  light  scattered  from  the  aluminum 
backing  coviirs  a wider  area,  it  is  still  small  compared  to 
the  spot  siZ’.*.  (Continued) 
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The  geometry  of  the  internally  reflected  light  is  shown  in 
pa^t  (b)  of  this  figure.  The  phosphor  closely  resembles  a 
l.aiuhfrlian  mlialnr  (Ref.  35);  that  is,  the  intensity  of  the 
light  it  emits  is  a junction  oi  the  cosine  of  the  angle  a 
given  ray  makes  with  a line  perpendicular  to  the  surface  of 
the  phosphor.  This  means  that  substantial  amounts  of 
light  are  emitted  in  directions  which  inte'^cept  the  surface 
of  the  faceplate  at  angles  greater  than  the  critical  angle. 
The  critical  angle  is  the  angle  at  which  light  is  totally 
reflected  when  going  from  a medium  of  one  indey;  of 
refraction  to  another  rttidium  with  a different  index  of 
refractio.':  e.g.,  from  glass  to  air  The  angle  at  which  the 
total  refraction  occurs  going  from  glass  to  air  is. 

Of.  = Sin'^  (-j^)  where 

Of.  = the  critical  angle  and 

N = refractive  index  of  the  glass 

(Ref.  36) 

The  light  that  is  refracted  returns  and  illuminates  the 
phosphor  at  some  distance  from  the  place  it  was  emitted. 

Pdfts  (c)  and  (d)  of  this  figure  give  measurements  of  the 
luminance  caused  by  internal  light  being  reflected  from 
the  phosphor.  Part  (c)  gives  measurements  on  two  con- 
figurations of  shadow  mask  CRT's  (Ref.  8).  The  one 
exhibiting  the  lower  reflected  luminance  has  a configura- 
tion like  that  shown  in  Figure  4.4-8. 

Part  (d)  of  this  figure  shows  measurements  taken  on  a 
black  and  white  CRT.  In  both  cases,  considerable  lumi- 
nance is  created  at  some  distance  from  the  excited  phos- 
phor. This  luminance  decreases  the  contrast  of  the 
imagery  it  coincides  with.  For  a low-luminance,  low- 
contrast  area  close  to  a bright  portion  of  the  image,  the 
effect  can  be  great  enough  to  reduce  the  contrast  belovr 
the  threshold  of  vision.  The  author  of  Ref.  3 '’ates  that 
for  a dark  area  14  mm  (0.55  in)  away  from  excited  areas 
on  either  side  ". . . the  brightness  enhancement  by 
internally  reflected  ligh'.  is  about  4 f L for  27  f L of  direct 
intensity,  which  is  approximately  15  percent." 

Interoretation  of  the  data  in  part  (d)  is  somewhat 
arbitrary  because  the  location  of  the  edge  of  the  raster 
with  regard  to  the  distances  shown  on  the  ordinate  is  not 
clear.  However,  the  curve  does  serve  to  illustrate  the 
nature  of  the  spread  in  luminance  caused  by  internally 
scattered  light. 

This  phenomenon  is  sometimes  referred  to  as  halation, 
and  in  some  instances  may  result  in  the  appearance  of  a 
bright  ring  around  a brightly  illuminated  spot  si'uated  in  a 
darker  surround. 
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Figure  4.4-26.  Effect  of  Reflected  Ambient  Light  on  CRT  Contrast  Ratio  and  Modulation 
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Figure  4.4-26.  Effect  of  Reflected  Ambient  Light  on 
CRT  Contrast  Ratio  and  Modulation.  Ambient  light  acts 
two  ways  to  reduce  the  contrast  of  CRT  imagery;  First 
through  specular  reflirlion  from  the  faceplate  and  the 
aluminum  backing  of  the  phosphor  and  second  through 
diffuse  reflectance  from  the  surface  of  the  phosphor.  The 
specular  reflection  from  the  aluminum  backing  is  subject 
to  scattering  as  it  passes  out  through  the  phosphor.  These 


sources  are  illustrated  in  part  (a)  of  this  figure.  Part  (b) 
illustrates  the  effect  of  the  slight  curvature  of  the  face- 
plate on  the  locations  from  which  light  sources  can  be 
reflected  into  the  eye.  As  is  shown,  light  sources  at  high 
angles  from  the  line  of  S'ght  that  would  be  reflected  away 
from  the  eye  by  a flat  faceplate  are  reflected  into  the  eye 
by  the  curved  one. 
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la)  EFFECT  OF  NEUTRAL  DENSITY  FILTERS  OF  DISPLAY  CONTRAST  RATIO 
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Figure  4.4-27.  Methods  of  Reducing  Modulation  Losses  in  CRT's  Due  to  Ambient  Illumination  (Continued) 
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Figure  4.4-27.  Methods  of  Reducing  Modulation  Losses 
in  CRT's  Due  to  Ambient  lll'imination.  The  most  effec- 
tive way  to  eliminate  the  modulation  losses  caused  by 
reflected  ambient  illumination  is  to  prevent  it  from  reach- 
ing the  face  of  the  CRT.  Proper  lighting  control  in  the 
interpretation  area  is  essential  (see  Section  7.3.3).  Where 
ambient  illumination  on  the  face  of  the  display  cannot  be 
eliminated,  antireflective  coatings  to  reduce  specular 
reflection  from  the  glass  surfaces  of  the  feceplate  and 
filters  to  reduce  the  effects  of  diffuse  reflection  from  the 
phosphor  surface  should  be  used.  Part  (a)  of  this  figure 
shows  the  way  in  which  neutral  density  filters  act.  Neutral 
density  filters  pass  all  visible  wavelengths  equally  well. 

The  top  illustration  in  part  (a)  of  this  figure  shows  the 
effect  of  ambient  light  on  the  contrast  ratio  of  a CRT 
without  a filter.  The  maximum  luminance  produced  by 
the  phosphor  is  taken  to  be  300  cd/rrr  (88  fL).  Ambient 
illumination  is  taken  to  be  190  lux  (18  fc),  and  the.  reflec- 
tivity of  the  phosphor  assumed  to  be  80  percent.  The 
luminance  on  the  phosphor  produced  by  the  amb'ent 
illumination  is  calculated  by  the  formula: 


Lf  = EgR  where 

Tt 

L = The  luminance  produced  bv 
the  reflected  light  in  cd/m^ 

(fU 

E = The  ambient  illumination  in 
lux  (fc) 

R = The  reflectivity  of  the  screen 

This  formula  assumes  the  phosphor  screen  is  a perfect 
Lambertian  reflector.  In  the  illustration  the  reflected 
luminance  is 


, _ 190  (.8) 

'-r  Tt 

= 48cd/m2  (14  fL) 


This  value  is  the  rniriirrum  luminance  from  an  unactivated 
area  of  the  phosphor,  assuming  no  internal  scattering  of 
the  light  in  the  face  cf  the  tube.  Assuming  that  the  ambi- 
ent illumination  is  uniform  across  the  face  of  the  tube, 
this  same  value  is  added  to  the  phosphor-generated  lumi- 
nance  making  the  maximum  luminance  348  cd/m  . The 
contrast  ratio  (Cj.)  of  the  CRT  for  this  condition  is 


Cr  = 


^max 

^min 


where 


L_ax  ” The  maximum  luminance 
of  the  display 


Lmin  “ minimum  luminance 
of  the  display 

therefore: 
r - 

W"  48 
= 7.25 


The  lower  illustration  in  part  (b)  shows  the  situation  for  a 
CRT  with  a faceplate  filter  having  50  percent  transmit- 
tance, that  is  a filter  which  passes  50  percent  of  the  light 
falling  on  it.  Ambient  illumination  is  reduced  from  190 
lux  to  95  lux  by  passing  through  the  filter.  Following 
the  first  formula  in  this  figure,  the  luminance  created  by 
the  reflection  of  this  illumination  from  the  phosphor  is 
24  cd/m^  (7  f L).  This  value  is  reduced  50  percent  by  its 
passage  out  through  the  filter,  giving  it  a final  value  of 
12  cd/m^,  (3.5  fL).  As  with  the  case  illustrated  in  part 
(a)  this  value  represents  the  minimum  luminance  of  the 
display,  if  the  spread  of  luminance  within  the  faceplate  is 
ignored.  The  300  cd/m^  (87.5  f L)  maximum  luminance  of 
the  phosphor  is  also  reduced  by  50  percent  by  its  passage, 
out  through  the  filter,  resulting  in  an  effective  phosphor 
luminance  of  1 50  cd/m^  (43.8  f L)  adding  the  reflected 
luminance  (12  cd/m^)  to  this  figure  gives  a value  of  162 
cd/m^  for  the  maximum  luminance  of  the  display.  The 
contrast  ratio,  then  is 


an  increase  of  86  percent  over  that  for  the  CRT  without 
the  faceplate  filter. 

The  drawback  of  this  method  is  the  reduction  of  the  light 
from  the  phosphor.  Part  (b)  of  the  figure  shows  the  effect 
on  the  detection  of  a sine-wave  grating  that  occurred 
when  the  luminance  of  a CRT  was  reduced  by  the  use  of 
filters  (Ref.  38).  (Other  data  on  the  topic  of  visual  resolu- 
tion and  luminance  appears  in  Section  3.2.6.) 

Another  type  of  filter  that  can  be  used  is  one  which  is 
matched  to  the  wavelength  of  the  light  emitted  by  the 
phosphor.  For  phosphors  with  distinct  colors  such  as  the 
P31,  which  emits  mostly  green  light,  a filter  can  be  selec- 
ted which  will  pass  most  of  the  light  emitted  by  the  phos- 
phor and  block  all  other  wavelengths  in  the  ambient  illum- 
ination. This  greatly  reduced  the  amount  of  ambient  light 
reaching  the  phosphor. 

Polarizing  filters  can  also  be  used.  The  ambient  light  is 
polarized  as  it  passes  through  the  filter,  but  that  portion 
which  is  specularly  reflected  from  internal  faceplate  struc- 
tures will  have  its  direction  of  pu'  rization  changed  and 
will  then  not  pass  back  out  through  the  filter. 

Meshes  and  grids  have  been  imbedded  in  faceplates  to  trap 
the  ambient  light,  but  while  they  are  effective  for  their 
intended  purpose  they  degrade  the  resolution  of  the  dis- 
play (Ref.  38).  The  same  author  found  fiber  optic  face- 
plates less  effective  than  meshes  for  controlling  the  effects 
of  ambient  illumination. 
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SECTION  5.0  SPECIAL  IMAGERY  DISPLAY  TOPICS 


General  characieristies  of  optical  and  electro uptical  are  of  sufficient  importance  to  justify  separate  considera- 

itnaitery  displays  are  covered  in  5k'ctir>ns  ?.{)  and  4,0  lion,  riiis  section  covers  lour  such  topics,  stereo  imagery, 

respectively.  There  are  seveial  specific  imagery  display  color  imagery,  comparators,  and  search, 

topics  that  impact  both  these  display  techniques  and 
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5.1.2  Parametric  Relationships 

5.1.3  Depth  Perception  Ability 

5.1.4  Special  Stereo  Viewing  Situations 


5.1  STEREO 


RECOMMENDATIONS: 

Provide  a convenient  means  of  positioning  the  two  members  of  a stereo  pair  relative  to  each  other  in  the 
display. 

Unless  the  members  of  the  stereo  pair  are  certain  to  be  on  chips  that  can  be  positioned  separately,  or  if 
attached  to  each  other  are  certain  to  have  the  proper  relative  orientation  for  viewing  in  stereo,  provide 
image  rotation  and  translation  capability  within  the  display.  In  the  case  of  a microstereoscope  with 
rhomboid  arms,  this  would  mean  that  the  objective  lenses  at  the  ends  of  the  arms  should  be  translatable 
relative  to  each  other. 

Refer  to  Section  3.7  for  the  requirements  imposed  on  all  binocular  displays,  and  to  Section  3.7.4  for  the 
image  alignment  requirements  for  stereo  displays. 

In  order  to  allow  stereo  pairs  in  which  one  member  has  a different  scale  than  the  other  to  be  viewed  in 
stereo,  provide  the  capability  of  magnifying  one  more  than  the  other. 


Many  cues  contribute,  or  at  least  can  contribute, 
information  about  tlie  distance  to  a particular  object 
(Ref.  1).  Moiuiailar,  or  single-eye,  cues  include  perspec- 
tive, movement  parallax,  relative  size,  overlap,  shadows 
and  highlights,  atmospheric  obscuration,  and  the  accom- 
modation of  the  eye  when  it  focuses  on  the  object. 
Binocular  (two-eye)  cues  include  lateral  disparity  and 
the  convergence  angle  between  the  eyes  when  they  are 
both  fixated  on  the  object.  Some  of  these  cues,  such  as 
eye  accommodation  and  convergence,  are  very  weak  and 
may  contribute  more  illusion  than  information.  Others, 
such  as  lateral  disparity  (Sections  3. 7.4.4,  3. 7. 5.4,  and 
5.1.1),  are  very  strong  cues  and  generally  provide  valid 
information,  at  least  about  relative  distance, 

Tire  two  images  of  a stereoscopic,  or  stereo,  display, 
potentially  provide  the  user  with  two  advantages  over 
the  single  image  seen  in  a manoscopic  display.  First, 
because  they  have  been  collected  from  different  direc- 
tions, they  contain  information  about  the  distances  to 
different  objects  recorded  as  lateral  disparity.  Tliis 
section  is  devoted  primaiily  to  the  use  of  lateral 
disparity  as  a means  of  perceiving  relative  distance  to 
objects  recorded  in  stereo  imagery.  A second  potential 
benefit  from  stereo  is  that  by  visually  combining  two 
images,  the  effect  of  grain  noise  and  other  random 
irregularities  in  the  individual  images  can  be  partially 
canceled. 

Whether  the  potential  benefits  from  stereo  imagery 
justify  the  additional  cost  of  collecting,  distributing,  and 
displaying  two  pieces  of  imagery  instead  of  only  one  is 
not  the  subject  of  this  document.  However,  observation 
of  interpreters  indicates  that  if  stereo  coverage  is 
available,  it  is  almost  always  used  whenever  an  important 


or  confusing  target  is  being  studied  in  detail.  Stereo  is 
very  seldom  used  when  large  amounts  of  imagery  are 
being  searched  for  new  targets,  usually  because  setup  is 
too  time  consuming.  Stereo  is  essential,  of  course,  for 
tasks  such  as  contour  plotting,  and  it  is  important 
whenever  the  heiglils  of  objects  must  be  measured. 

Many  articles  on  stereo  vision  illustrate  and  analyze  the 
stereo  image,  or  model,  as  if  it  actually  exists  in  space  in 
a location  defined  by  the  convergence  and  accommoda- 
tion of  the  eyes  (Ref.  2).  As  Figure  5.1-5  illustrates,  the 
stereo  image  exists  only  within  the  mind  of  the  observer. 
It  has  no  true  existence  in  space,  as  is  illustrated  by  the 
fact  that  it  persists  even  thouglr  the  two  members  of  the 
stereo  pair  have  been  separated  to  the  point  where  the 
eyes  are  parallel,  or  even  diverge  sliglitly  if  the  individual 
is  capable  of  diverging  his  eyes  (Ref.  3).  Changes  in  eye 
convergence  may,  however,  change  the  apparent  heiglit 
or  size  of  objects  in  the  stereo  image  (Ref.  4).  As  a 
result,  there  has  been  considerable  analytical  and  experi- 
mental consideration  of  what  viewing  conditions  yield 
the  most  valid  visual  impression  of  the  heiglrt,  the  size, 
and  the  ratio  of  heiglit  to  size  for  an  object  seen  in  a 
stereo  image  (Ref.  5).' 

Wliich  aspects  of  stereo  vision  are  the  most  important  in 
a ’•  articular  situation  depends  on  the  display  user’s  task. 
If  the  task  is  stereo  mensuration  or  contour  mapping, 
the  most  critical  factors  are  the  minimum  perceptible 
heiglit  dilTerence  (Section  5.1.2)  and  the  possible  exist- 
ence of  any  constant  error  for  particular  c'asses  of 
objects  (Section  5.2.6).  For  a different  task,  viewing  a 
stereo  image  in  order  to  determine  the  shape  or  function 
of  an  object,  the  critical  parameters  are  the  minimum 
perceptible  heiglit  difference  and  the  existence  of  any 
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illusions  that  miglu  interfere  with  obtaining  a valid 
impression  of  the  object. 

For  a third  task,  estimation  of  terrain  slope  or  estima- 
tion of  the  heiglit-to-width  ratio  of  some  object  in  the 
stereo  image,  the  goal  is  to  obtain  a valid  height 
estimate.  In  this  case,  the  estimate  may  be  affected  by 
the  eye  convergence  angle  in  use.  The  best  available  test 
data  show  that,  at  least  for  some  types  of  targets,  wlien 
the  eye  convergence  angle  is  approximately  1 1 degrees 
(0.2  radian)  the  best  estimate  of  the  true  slope  can  be 
obtained  (Ref.  5). 

In  order  to  view  two  images  in  stereo  they  must  be 
rotated  as  described  in  Figure  5.1-5.  This  rotation  can 
occur  optically  or  by  physically  turning  each  of  the  two 
pieces  of  imagery.  The  latter  approach  drastically 
increases  the  distance  the  image  can  be  translated  while 
being  viewed  in  stereo.  If  instead,  the  rotation  is 
achieved  optically,  translation  will  cause  the  images  to 
appear  to  move  in  different  directions,  destroying  the 
stereo  alignment.  Optical  rotation  can  also  make  stereo 
alignment  more  difficult  to  achieve  (Section  3.10.7). 
Any  display  intended  for  extensive  stereo  viewing  should 
allow  the  two  pieces  of  imagery  to  be  rotated,  even  if 
they  are  in  roll  form. 

Although  most  image  interpreters  appear  to  make 
effective  use  of  stereo  imagery,  there  is  limited  evidence 
that  some  do  not  fully  understand  stereo.  For  example, 
experienced  interpreters  using  a microstereoscope  with  a 
field  slightly  greater  than  40  degrees  expressed  satisfac- 
tion with  the  stereo,  even  thougli  further  discussion 
revealed  that  because  of  poor  registration  of  the  images 
they  were  only  able  to  fuse  the  central  20  degrees  or  so 
of  the  field  (Ref.  6).  Tire  advantage  of  improving 
registration  so  that  more  of  the  display  field  could  be 
fused  went  unnoticed  initially.  After  discussion  to  draw 
the  user’s  attention  to  the  change,  it  was  judged  to  be 
helpful.  On  other  occasions,  image  interpreters,  and 
individuals  presumably  proficient  in  image  interpreta- 
tion, were  observed  using  inverted  stereo  (Figure  5.1-6) 
with  no  awareness  of  any  problem  beyond  an  occasional 
comment  that  “it  doesn’t  look  quite  right’’  (Ref.  6). 

One  cf  the  difficultie.'s  with  stereo  is  the  time  required 
for  setup.  No  good  published  data  are  available,  but 
observation  of  skilled  interpreters  using  a Bausch  and 
Lomb  Zoom  240  microstereoscope  with  rhomboids  and 


separate  rolls  for  the  two  members  of  a stereo  pair  (as  in 
Figure  3.10-15)  suggests  that  about  1 minute  is  typical 
(Ref.  7).  Because  alignment  cf  the  two  images  is  so 
critical,  the  means  provided  for  moving  the  images  can 
have  a large  impact  on  setup  time. 

Stereo  is  not  limited  to  photographic  imagery.  As  an 
example,  if  it  is  collected  in  the  proper  manner  even 
relatively  exotic  imagery  such  as  side-looking  radar  can 
be  viewed  in  stereo  (Ref.  8). 

Stereoacuity,  or  ability  to  perceive  differences  in  depth 
in  a stereo  image,  is  usually  expressed  in  terms  of  the 
smallest  perceptible  lateral  disparity.  Common  test 
techniques  involve  measuring  the  variability  of  the 
settings  as  a test  subject  attempts  to  adjust  two  objects 
to  the  same  distance,  or  recording  the  lateral  disparity  at 
which  he  achieves  a certain  level  of  success  in  stating 
which  of  several  objects  is  nearer  (Ref.  9).  Typical  values 
appear  in  Section  5.1-3  and  Figure  3.5-1 1. 

Under  the  proper  conditions,  a single  photograph  can 
yield  a strong  sensation  of  depth  (Ref.  10),  and  it  has 
even  been  suggested  that  this  phenomenon  can  be  used 
to  enhance  the  perception  of  visual  information  in  the 
image  (Ref.  1 1).  This  effect  apparently  works  best  with 
a photograph  in  which  the  peripheral  details  in  the  scene 
were  closer  than  the  central  details.  It  is  also  more 
successful  when  the  photograph  is  viewed  with  an 
optical  device  such  as  a biocular  magnifier  that  would  be 
expected  to  cause  the  image  to  appear  curved  in  the 
same  direction  as  the  prominent  details  in  the  original 
scene.  Although  there  is  no  evidence  that  this  effect  can 
increase  the  correct  perception  of  details  in  the  imagery, 
it  may  increase  interest  in  the  displayed  image. 

Most  of  the  design  recommendations  for  stereo  displays 
appear  in  other  sections  of  this  document.  In  particular, 
Section  3.7  covers  the  need  to  match  the  two  optical 
trains  of  a stereo  display  geometrically  and  in  terms  of 
other  parameters  such  as  image  distance  and  luminance. 
As  is  noted  there,  the  display  alignment  tolerance  is 
greater  for  stereoscopic  viewing  than  for  binocular 
monoscopic  viewing  because  with  stereo  some  misalign- 
ment can  be  corrected  by  moving  one  of  the  images 
relative  to  the  other.  Requirements  for  orienting  and 
interchanging  the  two  members  of  a stereo  pair  are 
discussed  in  Section  3.10. 


SECTION  5.1  STEREO 

5.1.1  DEFINITIONS  AND  TERMS 


This  section  sunimari/es  some  of  the  more  important 
terms  and  concepts  involving  stereo. 


Figure  5.1-1.  Lateral  Disparity  in  Unaided  Vision. 

Because  of  their  lateral  separation,  the  two  eyes  receive 
slightly  different  images  of  objects  which  differ  in 
distance.  These  differences  are  known  as  lateral  clispariiy 
or  sometimes  as  parallax. 

Lateral  disparity  expressed  in  angular  units  is  idantified  by 
the  symbol  "a"  in  this  document.  The  symbol  "t}”  is  also 
used  in  ntany  publications.  Lateral  disparity  can  also  be 
expressed  as  linear  extent  on  the  imagery  or  on  some 
comparable  plane. 


Figure  S.1-2.  Crossed  end  Uncrossed  Disparity.  It  is 
common  in  the  literature  on  stereo  to  refer  to  objects 
closer  than  the  fixation  point  as  having  crossed  iHsparity 
and  those  farther  away  as  having  uncrossed  disparity. 
(Crossed  and  uncrossed  disparity  can  also  be  defined 
in  terms  of  the  relative  positions  of  the  two  objects 
C and  U,  without  regard  to  the  fixation  point.) 


Figure  5.1-3.  Simulation  of  Depth.  Figure  5.1-2  shows 
three  objects  located  at  different  distances.  These  can  be 
simulated  by  providing  each  eye  with  an  image  in  which 
details  are  displaced  slightly,  relative  to  each  other,  in  the 
lateral  direction.  In  this  example,  the  object  (C)  will 
appear  closer  than  (F),  and  (U)  will  appear  farther  away. 
Note  that  in  this  viewing  situation  the  retinal  images  are 
identical  to  those  which  would  exist  if  the  points  (C), 

IF)  and  (U)  were  actually  in  front  of  the  observer  just 
as  they  are  in  Figure  5.1-2.  Thus,  since  the  input  to  the 
visual  system  is  the  same  as  that  when  actual  objects 
are  present,  the  visual  system  output  is  the  same:  the 
objects  appear  to  be  at  different  distances. 

Wide  changes  in  the  lateral  separation  between  the 
right  and  left  eye  images,  if  accompanied  by  corres- 
ponding changes  in  eye  convergence  angle,  do  not 
change  the  basic  characteristics  of  the  stereo  image 
(see.  for  example.  Figures  5.1-5  and  -16).  However, 
they  do  make  it  inconvenient  to  illustrate  the  stereo 
image,  and  they  may  result  in  changes  in  the  perceived 
relative  heights  of  objects  in  the  image. 
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5.1.1  DEFINITIONS  AND  TERMS  (CONTINUED) 


Figure  5.1-4.  Parallax  in  Stereo  Imagery.  In  photo- 
graphs taken  from  two  different  locations,  objects  will 
be  displaced  according  to  their  relative  distance  from 
the  camera,  just  as  they  are  displaced  on  the  retinas  of  the 
eyes  in  Figure  5.1-1.  These  differences  are  usually  known 
as  parallax  and  correspond  to  lateral  disparity  as  described 
in  Figure  5.1-1. 

Symmetry  is  not  a requirement  in  stereo  imagery.  For 
example,  in  this  illustration  both  camera  locations 
could  be  to  the  same  side  of  the  tree. 


Figure  5.1-5.  Correct  Stereo  Viewing.  There  are  two 
basic  requirements  for  positioning  the  two  images  when 
viewing  stereo: 

• The  images  of  higher  points  along  a vertical  object 
such  as  the  tree  shown  here,  must  be  closer  than  the 
images  of  lower  points;  if  the  object  was  between  the 
two  camera  locations,  the  two  images  will  fall  toward 
each  other. 

• Lines  connecting  the  two  images  of  any  particular 
elevation  along  a vertical  object  must  all  be  parallel 
to  each  o'.iier  and  to  a line  through  the  two  eyes  of 
the  observer;  these  lines  are  also  approximately 
parallel  to  a line  through  the  two  camera  locations. 

If  these  two  conditions  are  met,  the  lateral  disparity  in 
the  pair  of  photos  will  produce  lateral  disparity  on  the 
retinas  which  will  be  interpreted  as  depth,  at  least  over  a 
range  of  disparities  as  described  in  Figure  5.1-13. 

With  the  exception  of  situations  like  those  shown  in 
Figure  5.1-16,  optical  elements  such  as  prisms,  lenses, 
mirrors,  or  filters  are  provided  in  stereo  displays  to  allow 
each  eye  to  view  only  the  appropriate  photograph  and  to 
ensure  at  least  a tolerable  match  between  eye  accommoda- 
tion and  convergence. 

The  stereo  image,  as  it  is  drawn  here,  is  simply  a conven- 
ient way  of  showing  what  the  viewer  perceives.  It  does 
not  exist  in  space  and  it  does  not  directly  impose  any 
requirements  on  the  convergence  angle  between  the  eyes 
nor  on  the  accommodation  of  the  eyes.  In  fact,  a very 
satisfactory  stereo  image  can  be  obtained  in  a. display  with 
the  eyes  parallel,  or  even  diverged.  Changes  in  eye  con- 
vergence and  accommodation  may,  however,  change  the 
appearance  of  the  stereo  image  (Ref.  5). 
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6.1.1  DEFINITIONS  AND  TERMS  (CONTINUED) 


Figure  5.1-6.  Inverted  Stereo.  If  the  two  photos  in  the 
previous  figure  are  rotated  180  degrees,  ot  if  they  are 
interchanged  but  r ot  rotated,  the  two  images  of  a raised 
object  wilt  fall  away  from  each  other  rather  than  toward 
each  other.  Ti  e -esult  will  be  an  inverted  stereo  image.  In 
this  image,  simple  r »ised  objects  such  as  buildings  may 
appear  as  holes  in  the  ground.  However,  because  other 
perceptual  cues  such  as  knowledge  of  tha  true  shape  of 
trees  and  buildings  are  so  strong,  inverted  stereo  may 
simply  be  mistaken  for  poor  quality  but  correct  stereo, 
or  the  image  may  simply  seem  "strange"  (Ref.  12). 
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SECTION  5.1  STEREO 

5.1.2  PARAMETRIC  RELATIONSHIPS 

Equations  required  to  calculate  lateral  disparity  in 
typical  viewing  situations  are  summari2ed  in  this  section. 
They  are  useful  whenever  it  is  necessary  to  compare  test 


Figure  5.1-7.  Parametric  Relationships  for  Direct  Viewing 
of  Depth.  This  figure  iilustrates  the  basic  set  of  equations 
for  lateral  disparity  in  direct  viewing  situations.  They  are 


data  on  ability  to  detect  differences  in  depth  to  the 
height  differences  existing  in  imagery  in  a stereo  display. 


DIMENSIONS: 

a ■ LATERAL  DISPARITY  ANGLE  (IN 
RADIANS  MULTIPLY  BY  3,433  TO 
GETARCMINUTESI 

B - INTERPUPILLARY  DISTANCE 
H - EYE-TO-OBJECT  DISTANCE 
h - OBJECT  HEIGHT  (h  « H) 

Q • EYE  CONVERGENCE  ANGLES  FOR 
2 THE  TWO  OBJECTS 


SUBSCRIPTS: 

I - LEFT  EYE 
r- RIGHT  EYE 


NOTE:  ALL  DISTANCES  (B,  H,  and  h)  IN  THE 

SAME  UNITS 


ASSUMPTION:  h «H;  B «H 


adapted  from  Ref.  9.  In  Figure  5.1-8  these  equations  are 
extended  to  the  viewing  of  stereo  photographs. 
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5.1.2  PARAMETRIC  RELATIONSHIPS  (CONTINUED) 


Figure  5.1-8.  Par.-imetric  Relationships  in  Stereo  Photo- 
graphs. The  Lateral  disparity  seen  by  a display  user  while 
viewing  a pair  of  stereo  photographs  can  be  calculated 


from  several  different  sets  of  collection  system  and  dis- 
play parameters.  The  equations  relating  these  parameters 
are  illustrated  here  (Ref.  13). 
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5.1.2  PARAMETRIC  RELATIONSHIPS  (CONTINUED) 


OBJECT  HEIGHT,  h deell 
\ 10  100 
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5.1.3  DEPTH-PERCEPriON  ABILITY 


Figure  5.1-9.  Displayed  Disparity  as  a Function  of  Object 
Height.  In  order  to  relate  depth  perception  ability  in  an 
imagery  display  to  depth  perception  ability  as  measured  in 
a laboratory  experiment,  it  is  necessary  to  calculate  the 
lateral  disparity  experienced  by  the  display  user.  This 
figure  illustrates  the  lateral  disparity  in  a typical  imagery 
viewing  situation. 


tieferring  to  Figure  5.1-8,  the  relationship  between  angu- 
lar lateral  disparity  in  the  displayed  stereo  image  to  object 
height  on  the  ground  is: 


“v-- 


2 MESh 
0.25 


tan 


(L 

2 ' 


where  M,  E,  and  S are  display  magnifying  power,  imagery 
enlargement,  and  imagery  scale,  and  0 is  the  collection 
system  convergence  angle. 


This  figure  shows  values  of  for  various  values  of  h and 
MES.  with  0 held  constant  at  20  degrees.  The  value  of 
is  increased  by  one-third  if  0 is  increased  to  26.5  degrees, 
and  it  is  decreased  by  one-third  if  0 is  decreased  to  13.4 
degrees. 


Note  that  each  curve  in  the  figure  represents  a single 
value  for  MES,  and  hence  a range  of  values  for  M,  E,  and 
S.  For  example,  if  MES  = 1/IK  and  a contact  print  is 
being  viewed,  so  that  E = 1,  then; 

• If  M=  10X,  S=  1/10K 

• lfM  = 40X,  S‘ 1/40K 

• If  M = 100X,  S=  1/100K 


Data  on  the  ability  of  individuals  to  perceive  deptli  in 
several  different  kinds  of  viewing  situations  are  sumniar- 
i/ed  in  this  section.  Similar  information  appears  in 
Figures  .1..^-10  and  -1 1. 
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Figure  5.1-10.  Depth  Perception  Ability  for  Simple 
Scenes.  The  equations  in  Figure  5.1-8  show  that  lateral 
disparity  in  a displayed  image  is  increased  by  magnifica- 
tion. However,  as  these  data  illustrate,  part  of  the  benefit 
of  the  increase  in  lateral  disparity  may  be  lost  (Ref.  14,X). 
This  is  because  the  separation  between  image  details 
whose  relative  height  is  being  judged  is  also  increased, 
thereby  decreasing  ability  to  detect  lateral  disparity. 

These  data  are  similar  to  those  in  Figure  3.5-12  in  showing 
a large  reduction  in  ability  to  detect  differences  in  depth 
as  the  targets  were  separated  laterally. 

The  two  curves  here,  L and  C,  represent  slightly  different 
viewing  conditions  and  test  procedures  (Ref.  15).  In  the 
absence  of  any  information  on  how  the  test  data  were 
analyzed,  they  cannot  be  compared  exactly  on  an  abso- 
lute basis  with  each  other  nor  with  other  viewing  situa- 
tions (Ref.  16). 

These  values  are  similar  to  the  results  of  other  studies.  In 
one,  for  example,  a group  of  96  subjects  adjusted  two 
vertical  black  rods  to  be  equidistant  (Ref.  17, B).  Their 
stereo  thresholds,  exp.'essed  as  the  standard  deviation  of 
the  lateral  disparity  remaining  in  the  settings  made  by 
each  subject,  ranged  from  0.03  to  1.7  arc  minutes. 
Approximately  80  percent  of  the  subjects  hsd  thresholds 
of  less  than  0.3  arc  minute. 
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5.1.3  DEPTH  PERCEPTION  ABILITY 


Figure  5. 1*11.  Depth  Perception  Test  With  Realistic 
Confusion  Cues.  Unlike  most  laboratory  test  situations, 
reconnaissance  imagery  does  not  usually  consist  of  simple 
geometric  targets  and  a homogeneous  background.  As  a 
resu't,  the  lateral  disparity  threshold  for  an  interpreter 
viewing  such  imagery  is  likely  to  be  larger  than  the  values 
obtained  in  test  situations  like  Figure  5.1-10. 

The  test  illustrated  here  was  designed  to  provide  a more 
realistic  method  of  measuring  ability  to  detect  lateral  dis- 
parity in  an  imagery  display  (Ref.  17).  The  stereo  pair 
shown,  which  is  representative  of  the  eight  pairs  making 
up  the  test,  contains  eight  raised  discs,  one  in  each  of  the 
central  eight  rows.  These  are  also  limited  to  the  inner 
eight  columns,  two  through  nine.  The  subject’s  task  is  to 
name  the  raised  disc  in  each  row. 


The  task  of  detecting  the  raised  discs  is  made  more  realis- 
tic by  inclusion  of  two  confusion  cues,  disc  size  and 
brightness,  which  in  many  real  viewing  situations  provide 
limited  information  about  the  relative  nearness  of  objects 
(Ref.  18). 

In  addition  to  the  achromatic  version  of  this  test  illus- 
trated here,  a color  version  has  been  used  to  evaluate  the 
impact  of  cliromastvreopsis  on  obility  to  detect  depth  in 
color  imagery  (Ref.  19). 

Another  approach  to  constructing  a more  realistic  test  of 
ability  to  perceive  depth  in  reconnaissance  stereo  image  is 
to  use  a computer-generated  stereogram  of  random  dots. 
This  technique  is  usually  associated  with  Julesz  (Ref.  20). 
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DEPTH  PERCEPTION  ABILITY  (CONTINUED) 


LATERAL  DISPARITY  OF 
RAISED  DISC  (arc-mi.nuMsI 


Figure  5.1-12.  Height  Discrimination  Performance  in  a 
Complex  Scene.  Performance  data  for  96  subjects  on  the 
test  described  in  Figure  5.1-1 1 are  shown  here  (Ref. 

17, B).  The  subjects  were  considerably  less  than  100  per- 
cent successful  in  finding  the  raised  disc  in  each  row,  even 
when  the  disc  had  a lateral  disparity  several  times  the 
value  studies  such  as  that  illustrated  in  Figure  5.1-9  sug- 
gest snould  be  detectable.  This  is  presumably  due  to  the 
additional  confusion  cues  present. 

Form  36  of  the  test  was  viewed  at  2X  magnifying  power 
and  had  a between-disc  spacing  of  36  arc  minutes.  Form 
72  was  photoreduced  tu  a smaller  size  but  was  magni- 
fied 15X  to  obtain  a disc  spacing  of  72  arc  minutes. 
Probably  both  the  greater  photoreduction  of  the  Form 
72,  which  resulted  in  a lower  quality  image,  and  the 
greater  between-disc  distance,  contributed  to  the  drop  in 
performance  experienced  by  the  subjects. 

In  another  study  with  this  test,  the  same  disc  heights 
and  sizes  were  retained  but  film  transmission  was  manip- 
ulated to  produce  four  different  versions  of  the  test  (Ref. 
21).  Ordered  according  to  depth  discrimination  perform- 
ance, from  best  to  worst,  these  were  as  follows: 

• A single  achromatic  contrast  equal  to  the  lowest  of 
the  four  contrasts  in  Figure  5.1-1 1 

• Four  achromatic  contrasts,  exactly  as  in  Figure 
5.1-11 

• A single  contrast  approximately  equal  to  the  lowest 
of  the  four  contrasts  in  Figure  5.1-11,  plus  a blue 
monochromatic  illuminant 

• Four  contrasts  as  shown  in  Figure  5.1-11,  plus  five 
different  colors  distributed  among  the  discs 

These  results  all  support  the  conclusion  that  increasing 
die  number  of  dimensions  over  which  an  image  varies 
makes  it  more  difficult  to  discriminate  differences  in 
depth. 
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5.1.3  DEPTH  PERCEPTION  ABILITY  (CONTINUED) 


DISTANCE  FROM 
FIXATION  (degr<«<) 


Figure  5.1-13.  Limiti  of  Depth  Perception.  Lateral  dis- 
parities mud.  too  large  to  fuse  into  a single  image  (Figure 
3.7-16)  may  still  yielo  a sensation  of  depth  that  may  be 
useful  in  some  display  applications,  though  probably  not 
in  the  interpretation  of  imagery.  The  curves  in  this  figure 
(Ref.  22)  show  the  maximum  lateral  disparity  at  which: 

• Curve  1—  Fusion  was  maintained;  beyond  this  value  the 
image  was  seen  as  double;  double  images  are  undesirable 
in  an  imagery  display. 

• Curve  2— The  relative  distance  of  objects  seen  as  a 
double  image  could  be  judged. 

• Curve  3-A  judgment  of  nearer  or  farther  could  be 
made. 

Note  that  these  limits  increase  toward  the  periphery.  A':o, 
they  are  for  very  simple  geometric  targets  viewed  against  a 
uniform  background.  More  complex  scenes  should  yield 
larger  fusion  limits.  See,  for  example.  Figure  3.7-19. 


X - FIXATION  POINT 


••  " 2 vertical  BAR  TARGETS  ON2  ABOVE 

AND  EITHER  CLOSER  OR  FARTHER  THAN 
THE  OTHER 


ABSOLUTE  DISPARITY 
(arc  minutes) 


Figure  5.1-14.  Limits  of  Depth  Perception.  Figure  5.1-13 
shows  that  the  ability  to  interpret  lateral  disparity  as 
depth  is  lost  when  the  lateral  disparity  becomes  too  large 
(Ref.  23,C).  The  study  summarized  here  shows  that  this 
loss  does  not  occur  abruptly.  In  this  study,  the  test  sub- 
ject attempted  to  state  which  of  two  vertical  bars  was 
closer  (relative  disparity)  when  both  bars  were  closer  or 
farther  away  than  the  fixation  point  (absolute  disparity). 
When  the  absolute  disparity,  or  distance  from  both  bars  to 
the  fixation  point,  was  30  arc  minutes,  he  required  a slight 
increase  in  relative  disparity  in  order  to  detect  the  closer 


bar.  When  the  absolute  disparity  reached  90  arc  minutes, 
he  required  a very  large  relative  disparity. 

Although  not  reported  explicitly  in  this  study,  it  is 
likely  that  the  two  targets,  which  were  two  vertical 
bars  positioned  one  above  the  other,  were  seen  double 
even  at  the  smallest  lateral  disparity  of  30  arc  minutes. 
Hence  the  specific  values  obtained  do  not  apply  directly 
to  most  image  interpretation  situations,  where  a double 
image  is  usually  avoided  except  for  very  tall  objects  such 
as  smokestacks  and  towers. 
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SECTION  5.1  STEREO 

5.1.3  DEPTH  PERCEPTION  ABILITY  (CONTINUED) 


ARFA IN  STEREO 


b = MIDPOINT  BETWEEN 
CAMERA  STATIONS 

C = CAMERA  CONVERGENCE 
ANGLE 

A = CAMERA  ASYMMETRY 
ANGLE 

O = OBLIQUITY  ANGLE  OF 
THE  MORE  OBLIQUE 
CAMERA 


Note:  A.  C.  and  Q may  be 
different  tor  different 
locations  in  the  image 
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FOR  A GIVEN  ASYMMETRY 


Figure  5.1-15.  Contribution  of  Stereo  to  Height  Dis- 
crimination. One  of  the  advantages  of  stereoscopic 
versus  near  vertical  monoscopic  imagery  of  a ground 
scene  is  that  it  provides  more  information  about  the 
heights  of  objects.  Because  oblique  imagery  shows  the 
sides  of  objects,  it  provides  this  kind  of  information  in 
a single,  monoscopic  view,  though  at  the  sacrifice  of 
ground  resolution  due  to  the  scale  reduction  and 
obscuration  of  the  areas  immediately  behind  raised 
objects. 

The  study  illustrated  here  compared  the  ability  of  sub- 
jects to  determine  the  relative  height  of  white  rods 
viewed  against  a mottled  gray  background  using  either 
stereo  or  mono  (nonsterro)  imagery  (Ref.  24,B).  The 
rods  were  photographed  at  a range  of  camera  con- 
vergence and  asymmetry  angles,  defined  as  is  shown. 
Using  these  photographs,  subjects  attempted  to  order 


the  rods  according  to  their  relative  heights.  The  photo- 
graphs were  viewed  either  singly  or  as  stereo  pairs 
(Ref.  24). 

The  data  were  analyzed  to  show  the  contribution  of 
stereo  to  performance.  For  each  stereo  pair,  the  pertorm^ 
ance  score  obtained  for  the  most  oblique  member  of  the 
pair,  viewed  binocularly,  was  subtracted  from  the  score 
obtained  for  the  pair  viewed  stereoscopically.  The 
results,  plotted  here,  show  that  as  obliquity  increased, 
the  contribution  of  stereo  to  height  discrimination 
ability  decreased. 

The  data  summarized  in  this  figure  are  potentially  mis- 
leading in  that  they  indicate  only  ability  to  distinguish 
height.  As  a result,  they  do  not  provide  any  estimate  of 
the  usefulness  of  information  about  nearness  of  objects 
available  from  oblique  stereo  photographs. 
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5.1.4  SPrCIAL  STEREO  VIEWING  SITUATIONS 

Several  spedal  stereo  viewing  situations  can  occur  One 
is  summarized  in  Figure  .S.I-l.S  above  and  two  others  are 
illustrated  in  Figures  .S.1-16  and  17. 

A fourth  special  situation  is  the  viewing  of  higit  oblique 
imagery.  Obliquity  stretches  a square  object  on  the 
ground  into  an  approximate  parallelogram  with  its  long 
axis  in  opposite  directions  for  the  two  members  of  the 
stereo  pair.  Tlie  resulting  misrcgisiration  reduces  the 
proportion  of  the  display  field  that  can  be  simultane- 


ously fused  to  obtain  a good  stereo  image.  Tire  exact 
point  where  this  reduction  becomes  serious  cannot  be 
determined,  but  it  is  likely  in  the  30-  to  40-degree 
region.  Aitamorphic  mugnificciion,  which  enlarges  the 
image  along  only  one  dimension  instead  of  two,  can 
greatly  reduce  this  misregistration,  but  will  also  distort 
the  appearance  of  vertical  objects  in  the  scene.  Training 
may  be  required  to  use  ana  norphic  magnification 
effectively. 
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Figure  5.1-16.  Eya  Convergence  in  Unaided  Stereo  View- 
ing. Normally  stereo  photographs  are  viewed  with  mirrors 
or  prisms  to  redirect  the  lines  of  sight.  However,  some 
individuals  can  learn  to  change  the  relationship  between 
viewing  dis*?,nce  and  eye  convergence  angle  in  order  to 
view  stereo  without  optical  aids.  One  method  (a)  is  to 
diverge  the  eyes  more  than  normal  for  the  distance  to 
the  photos,  while  the  othe’'  (b)  involves  the  use  of  greater 
than  normal  convergence. 

Though  both  of  these  techniques  are  in  extreme  viola- 
tion of  the  principle  of  making  eye  accommodation  and 
convergence  match  (Figure  3.7-13),  many  individuals 
are  able,  with  practice,  to  use  them  for  extended  periods. 
Many  others  can  only  use  them  for  a few  seconds  at  a 
time,  or  cannot  use  them  at  all. 


WAVELENGTH 

(nm) 


Figure  5.1-17.  Anaglyphir  Stereo  Displays.  Anaglyphic 
stereo  viewers  illuminate  the  two  members  of  a pair  of 
stereo  photographs  with  different  color  illumination 
and  use  corresponding  color  filters  before  the  eyes  to 
ensure  that  each  eye  sees  only  one  of  the  two  images. 
Typical  illuminant  color  filters,  such  as  those  illustrated 
here,  yield  red  and  blue-green  light  (Ref.  25). 

Because  of  the  chromatic  aberration  of  the  eye,  if  the 
display  user's  eyes  are  normal,  the  one  viewing  the  blue- 
green  image  will  effectively  have  more  refractive  power 
than  the  one  viewing  the  red  image.  Referring  to  Figure 
3.4-4,  and  taking  the  dominant  wavelengths  for  these 
two  illuminants  as  480  and  620  nm,  the  difference  in 
refractive  power  is  about  0.75  diopter.  Some  individuals 
may  require  a corrective  spectacle  lens  to  compensate 
for  this  large  a difference. 
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SECTION  5.2  COLOR 


5.2  COLOR 

llii->  M.vtiiiii  buminan/C')  ilic  aspects  ui  aihir  that  aie 
imporlaiil  in  tlie  desien  dI  iiiiajtcry  displays.  .More 
complete  eoverape  is  available  in  several  excellent  books 
and  simnnaty  papers  '.Kel.  I).  ( on.'epts  presented  here 
witliont  a specilic  citation  are  eenerallv  covered  tn  these 
reterences. 

( olor  in  an  imagery  display  tnay  result  I'toin  color 
imaj’ery.  recorded  eitlier  on  lilni  or  electromcally.  or 
from  use  of  color  to  display  a parameter  like  the 
strenjrth  of  a radar  return  that  is  not  normally  experi- 
enced as  color.  The  itnplications  of  color  for  the  display 
desiener  depend  laritely  oti  the  potential  henefits  antici 
pated  through  the  use  trf  color: 

• If  color  imagery  has  been  collected  iti  order  to  make 

targets  more  noticeable  and  therefore  easier  to  detect 
duritig  search,  then  the  primary  design  requirement  is 
to  provide  an  illumlnattt  wiili  a spectral  disiribution 
that  will  maximi/e  'he  color  contrast  of  target  objects 
against  their  backgroutids.  Design  recomtnendations 
on  this  topic  appear  in  fsection  and  are 

sutnmari/ed  here  in  Section  5.2.3. 

• A second  potential  application  for  color  is  as  an  aid  in 
target  identificatimt.  it  might  be  used  for  'his  purpose 
with  a new  target  that  is  difftcult  to  identify,  or  it 
might  be  included  in  the  report  of  a target  that  has 
been  identil'ied  in  order  to  help  identify  similar 


targets  found  at  a later  time.  In  either  case,  it  is 
ussiimed  that  it  will  be  necessary  to  quantify  the 
color  of  tlie  target  or  at  least  to  compare  it  with 
reference  colors  in  a key.  The  ' iev  n*-,  conditions  that 
should  be  considered  ifeoUus  a.e  tube  quantified  by 
visual  matching  are  discus','!  m Section  5.2.4.  Tjic 
test  results  summari/ed  there  show  mat  it  will  be 
difficult  to  control  all  the  v.-'i  blcs  th  u affect  the 
results. 

• If  color  is  used  to  display  parameters  othex  than 
Color,  such  a-  signal  strength,  then  tne  designer  is 
concerned  with  assigning  a color  to  each  signal 
strength  value  so  that  differences  in  signal  strength 
can  be  discriminated  and  the  user  can  easily  learn  to 
perceive  wliich  of  two  signal  strengths  is  greater.  A 
brief  discussion  of  the  factors  involved  appears  in 
Section  5.2.5. 

In  order  to  provide  a basis  for  describing  the  characteris- 
tics of  a color  image.  Section  5.2.1  contains  a summary 
of  several  techniques  used  to  define  color  space,  aig' 
Section  5.2.2.  dc^cr•.bes  color  vision  testing. 

The  final  section,  5.2.i5,  su'nmari/tes  data  on  apparent 
displacement  of  colors  from  their  true  location.  In  many 
instances  th-rsc  displacements  are  experienced  as  varia- 
tions in  distance  to  different  colors,  causing  this 
phenomenon  to  be  knosvn  ■adtrcmostcrcoiisk. 
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COLORSPACE 

The  Icim  "color"  is  used  in  so  ii'any  diilereiit  wavs  lltat 
It  has  proson  very  dilTicult  to  define  in  a manner  that  is 
both  precise  and  brief  (Hef,  2).  One  aiiproacit  is  to  speak 
of  visual  experience  as  consistinj!  of  three  basic  attri- 
butes: extent,  duratioti.  and  color  (Ref.  d). 

Color  is  traditionally  considered  to  have  three  dimen- 
sions. For  a subjectively  assessed  color,  these  are  known 
as  /me,  iiitiirjtinn.  and  hriiili’ncis  or  hjthtness  ( l igure 
5.2-d).  The  different  sets  of  names  applied  to  the 
corresponding  dimensions  when  color  is  measured  physi- 
cally. or  when  it  is  reported  in  terttu  of  a subjective 
match  to  a specific  set  of  reference  colors,  arc  listed  in 
Figure  5.2-1.  Additional  dimensions,  such  as  transpar- 
ency and  glossiness,  provide  a more  complete  description 
of  color  for  certain  kinds  of  materials,  particularly 
rcnective  surfaces,  hut  these  are  usually  not  required  for 
imagery  displays  (Ref  4j. 

Two  pairs  of  nearly  dichotomous  usages  of  the  term 
“color"  arc  of  importance  to  the  display  designer. 
Fortunately,  the  meaning  that  is  intended  can  usually  be 
inferred  from  the  context.  First,  although  color  is  a 
visual  e'perienee  and  is  therefore  properly  specified 
perceptually,  it  is  more  common  to  apply  the  term 
“color”  to  a specific  radiant  energy  spectral  distribution; 
for  example,  a certain  paint  sample  viewed  under  a 
certain  kind  of  lamp.  This  specific  radiant  energy 
spectral  distribution  is  then  said  to  be  a specific, 
physically  defmed  “color"  (Section  5. 2. 1.3),  even 
though  the  “color”  experienced  by  an  observer  viewing 


this  same  radiant  energy  will  vary  widely  with  the 
viewiiig  conditions  (Section  5.2.4). 

The  second  Jichotomy  involves  the  assignment  of  either 
two  or  three  dimensions  to  the  term  color.  Colt  r 
scientists  define  color  to  include  the  two  dir  iiv.iiic 
dimensions,  hue  and  saturation,  plus  a third  achromatic 
dimension,  briglitness  (Figtire  5.2-4).  lloweve;,  it  is  very 
common  to  use  the  term  color  to  mean  only  the  two 
chromatic  dimensions,  as  for  example  in  the  statement. 
"Should  we  add  color  to  this  black  and  white  image?” 

Perhaps  the  largest  single  effort  in  the  area  of  color 
science  has  involved  the  development  of  methods  ft  i 
describing,  defining,  and  measuring  etdor.  Systems  devel- 
oped for  this  purpose  fall  roughly  into  two  groups: 
subjective  and  objective.  Subjective  measurement  sys- 
tems depend  on  visually  matching  the  unknown  color 
against  a set  of  reference  colors.  One  of  the  more 
popular  systems  is  the  Munsell  color  system  described  in 
Figure  5.2-5. 

One  of  the  difficulties  with  subjective  techniques  r*or 
measuring  color  is  the  fact  that  variation  in  how 
different  individuals  perceive  color  has  an  effect  on  the 
results.  This  problem  is  eliminated  by  objective  tech- 
niques that  depend  on  mathematical  analysis  of  physical 
measurements  to  determine  how  a standard  observer 
would  perceive  the  color.  Tlic  principal  objective  system 
for  measuring  color,  the  CIE  chromaticity  system,  is 
described  in  Section  5. 2. 1.3. 
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SECTION  5.2  COLOR 

5.2.1. 1 TERMS  AND  BASIC  CONCEPTS 

riiis  icction  siiinniuri/i.s  a tew  of  the  terms  ami  eoneepis 
essential  in  a description  ot  color. 


COLON 

DIMET’SION 

OBJECTIVE 

TERM 

SUBJECTIVE 

TERM 

MUNSELL  TERM 
(sut)iective. 
quantitative) 

luminance 

BRIGHTNESS 
(luminosity  m 
Enqlaml) 

1 

1 

(equivalent 
to  Y in 
Section 
5.2.1.31 

LUMINANCE  FACTOR 

• REFLECTION  FACTOR. 
OR  REFLECTANCE 
(surface  colors) 

• TRANSMISSION 
FACTOR. OR 
TRANSMITTANCE 
(transmitting 
colors) 

LIGHTNESS 

brightness 

VALUE 

2 

DOMINANT  wavelength 

HUE 

HUE 

3 

PURITY 

SATURATION 

CHROMA 

Figure  5.2-1.  Summary  of  Color  Tertiiinology.  The  terms 
applied  to  the  three  color  dimensions,  arbitrarily  num- 
bered 1 , 2,  and  3 in  this  figure,  depend  on  how  the  color 
has  been  determined  and  to  some  extent  on  the  kind  of 
colored  material  involved.  The  most  commonly  used  , 
terms  are  summarized  here  (Ref.  5).  They  are  defined  in 
subsequent  figures. 

In  most  cases  in  this  document,  the  subjective  color  terms 
are  used  unless  the  intent  is  to  refer  to  color  dimensions 
measu-ed  objectively,  or  by  use  of  the  Munsell  color 
system. 

If  the  first  of  the  three  dimensions  in  the  table  is  given  as 
an  absolute  quantity,  such  as  nils  or  joatlanhcrts,  it  is 
known  as  luminance.  If  it  is  expressed  as  a relative  quan- 


tity, such  a:  transmittance,  it  is  known  as  "luminance 
factor."  The  luminance  factor  generally  has  a range  of  0 
to  100  percent  or  0 to  1. 

The  three  dimensions  of  color  are  sometimes  reduced  to 
two: 

• Achromalicncss,  which  refers  to  brightness  or  lightness, 
or  to  shades  of  ijrur 

• Clirinnalicncss,  which  includes  both  hce  and  saturation 

As  is  discussed  in  the  introduction  to  Ssction  5.2.1 , the 
term  "coior"  is  often  used  to  refer  only  to  chrnmaticness, 
ratner  than  to  all  three  color  dimiensions.  ' 
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5.2.1. 1 TERMS  AND  BASIC  CONCEPTS  (CONTINUED) 


VISIBLE  SPECiaUM 
WAVELENGTH (nm) 


TYPICAL  HUE  NAMES 


YELLOWISH  RED- 


YELI.OWRFO- 

REDDISH  YELLOW 

YELLOW  

GREENISH  YELl.OW- 
GREENYELLOW 


GREENISH  BLUE  - 


YELLOWISH  GREEN  ■ 


BLUISH  GREEN- 
BLUEGHEEN 


WAVELENGTH  FREOUENCY 
(m)  (Hz) 

DC 


REDDISH  BLUE 


RADIO 

WAVES 


Ml^O- 

WAVES 


-tl06 


1-109 


I INFRARED 

’O'® 


ultra- 

‘violet 


X rays 
I 


’°‘'ilo’8 


gamma  ,o-’2-T  ,, 

rays  1-10^’ 


COSMIC  1o’9-f 

10'^^ 


Figure  5.2-2.  The  Visible  Spectrum.  The  position  of  the 
visible  spectrum  within  the  electromagnetic  spectrum  is 
illustrated  here,  along  with  the  color  names  assigned  to 
the  various  parts  of  the  visible  spectrum  by  one  authority 
(Ref.  7).  These  colors,  though  not  necessarily  these 
names,  correspond  to  the  spectral  locus  in  Figure  5.2-9. 

One  of  the  striking  features  of  this  assignment  of  color 
names  to  spectral  regions  is  the  fact  that  very  narrow 


wavelength  bands  oroduce  the  pure  colors  blue  and  yel- 
low. Also  pure  red,  with  no  tinge  of  yellow  or  blue,  is  not 
on  this  list  and  can  only  be  obtained  by  mixing  wave- 
lengths; 400  nm  and  700  nm  in  appropriate  proportions 
make  up  one  such  combination. 

Note  that  the  visible  spectrum  is  plotted  on  a linear  scale, 
while  the  larger  portion  of  the  electromagnetic  s.oectrum 
is  on  a log  scale. 
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5.2.1. 1 TERMS  AND  BASIC  CONCEPTS  (CONTINUED) 


YELLOW 
(minus  blue) 


MAGENTA 
(minus  green) 


CYAN 
(minus  ri  d) 


\ 


Figure  5.2-3.  Primarie;  (Ref.  7).  Colors  specially  chosen 
to  be  mixed  together  in  various  proportions  in  order  to 
produce  a wide  range  of  other  colors  are  known  as  pri- 
marks.  Primaries  are  usually,  though  not  always,  used  in 
sets  of  three.  No  set  of  three  real  primaries  can  produce  all 
possible  colors,  but  only  a few  restrictions  on  their  selec- 
tion are  necessary  in  order  to  use  them  to  obtain  a visual 
match  against  any  real  co'or  (Ref.  8). 

For  some  applications,  more  than  three  primaries  may  be 
useful.  Ai  an  example,  visual  matches  against  color  fields 
;arger  than  5 to  20  degrees  are  more  consistent  over  a 
wide  range  of  luminance  values  if  four  primaries  are  used 
instead  of  three  (Ref.  9). 

Primaries  fall  into  two  general  categories,  subtractive  and 
additive.  In  most  colored  materials,  including  color 


imagery,  color  is  produced  by  dyes  or  pigments  that  selec- 
tively absorb  the  radiant  energy  in  a portion  of  the  visible 
spectrum.  The  primaries  for  this  subtractive  process  are 
yellow,  magenta,  and  cyan.  They  are  also  known  by  the 
colors  they  eliminate,  minus  blue,  minus  green,  and  minus 
red.  Although  they  are  not  ideal,  red  and  blue  materials 
can  function  as  subtractive  primaries  and  are  often  listed 
along  with  yellow  instead  of  magenta  and  cyan  (Ref.  10). 

When  the  additive  primaries,  red,  green  and  blue,  are  com- 
bined, the  radiant  energy  spectral  distribution  is  the  sum 
of  the  spectral  distributions  of  the  three  primaries.  The 
usual  demonstration  of  additive  primaries  is  illumination 
of  a white  surface  by  three  projectors,  one  providing  each 
of  the  three  primaries.  Color  television  utilizes  additive 
primaries  (Section  4.1). 
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5.2.1.2  SUBJECTIVE  COLOR 


(Ills  dcMiihcs  llic  l.limcllsn)|l^  ol  Mihicclivo  or  popuLir  (leiicial-purposc  system  for  qiiantils  iiig  eolors 

poieepliial  color  aird  iirtrodriees  in  I leme  lire  most  by  visital  iiuiteiiiiig,  the  Mimsell  color  system. 


LIGHT 


Iwhiie,  dii/?lin()) 


(black) 


Figure  5.2-4.  Subjective  Dimensions  of  Color  (Ref.  11). 
Color  has  three  dimensions-hue,  saturation,  and  bright- 
ness or  lightness-related  as  shown  here  by  a color  wheel 
on  a shaft. 

/{rif>htncss,  or  liglttm-'H,  refers  to  the  ai  . ibute  of  a color 
that  locates  it  along  an  achromatic  (gr..y)  continuum  from 
light  to  dark,  or  white  to  black.  The  term  "lightness"  is 
generally  applied  to  reflecting  surfaces,  and  "brightness" 
to  self-luminous  ones.  The  Munsell  term  for  lightness  or 
brightness  is  "value." 

Hue  refers  to  the  attribute  of  a coloi  known  by  terms 
such  as  red,  yellow,  green,  and  blue.  It  t rresponds 
approximately  to  dominant  wavelength  as  defined  in  Fig- 
ure 5.2-10.  The  Munsell  term  for  hue  is  "hue." 

Saturation  refers  to  the  departure  of  a color  from  an 
achromatic  color,  or  gray,  of  the  same  lightness.  For 
example,  the  two  colors  known  as  pink  and  red  would 
have  nearly  the  same  hue,  but  red  would  have  high  satura- 
tion while  pink  would  have  low  saturation.  Zero  satura- 
tion colors  are  black,  gray,  and  white.  Saturation  corres- 
ponds approximately  to  purity,  as  defined  in  Fit  ui  e 
5.2-10.  The  Munsell  term  for  saturation  is  "chroma." 
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SECTION  5.2  COLOR 


5.2.1.2  SUBJECTIVE  COLOR  (CONTINUED) 


PLANE  OF 

CONSTANT 

VALUE 


MUNSELL 

COLOR 

SPACE 


0 YR 


5 YR 


10R 


PAINT  PIGMENT  GAMUT  FOR 
PLANE  OF  CONSTANT  HUE  5 R 


CYLINDER  OF  CONSTANT 
CHROMA  - /10 


CHROMA 

(saturation) 


HUE  DESIGNATIONS: 
R ■=  RED 
Y = YELLOW 
G - GREEN 
B- BLUE 
P = PURPLE 


Figure  5.2-5.  The  Munsell  Color  System.  Perhaps  the 
best  known  technique  for  specifying  a color  according  to 
its  appearance  is  the  Munsell  color  system  illustrated  here 
(Ref.  12).  In  this  system,  a color  is  assigned  a number  by 
matching  it  against  a standard  series  of  paint  chips. 

Part  (a)  of  this  figure  shows  four  planes  of  constant 
Munsell  hue  and  a cylinder  of  constant  Munsell  chroma,  in 
Munsell  color  space.  Part  (b)  is  a cross  section  through  this 
space,  showing  the  Munsell  hues  in  a plane  of  constant 
munsell  value.  (Chroma  and  value  are  comparable  to 
saturation  and  lightness  in  Figure  5.2-4.) 

The  Munsell  system  has  proven  to  be  very  useful  for  quan- 


tifying surface  colors.  If  necessary,  it  ran  be  used  for  this 
purpose  with  an  imagery  displa,'.  I'owever,  it  h.is  several 
problems  (see  Section  5.2.4). 

• Matefling  two  colors  when  me  is  a surface  or  reflective 
color  such  as  a Munsell  paint  chip  and  the  other  is  a 
self-luminous  color  m an  .nrugery  display  car  he  more 
difficult  than  if  both  .are  self-luminous. 

• Both  the  color  of  the  Munsell  paint  chips  and  of  the 
imagery  will  vary  with  the  spectral  distribution  of  the 
illuminant,  making  it  necessary  to  view  both  under 
standard  sources. 


SECTION  5.2  COLOR 


5.2.1.3  CIE  CHROMATICITY  SYSTEM 

The  .Munsell  color  sysiein  described  in  the  previous 
section  allows  a color  to  be  described  in  terms  of  the 
member  of  a set  of  reference  colors  that  provides  the 
best  visual  match.  Another  approacli  is  to  specify  the 
amounts  of  three  primaries  that  must  be  tnixed  together 
to  provide  a visual  match.  All  visual  matching  ;echniques 
for  measuring  color  suffer  from  the  practical  difficulty 
of  making  such  matches  routinely.  In  addition,  disagree- 
ments arise  because  observers  vary  in  spectral  sensitivity. 

Many  of  tltese  difficulties  are  eliminated  in  a color  system 
developed  by  the  international  Commission  on  Illumina- 
tion (Commission  Internationale  d’hdairage,  or  CIF). 
Known  as  the  CIL  chmtwtk  ity  system,  it  allows  use  of  a 
physical  nteasurement  of  the  spectral  energy  distribution 
in  a color  to  calculate  the  amounts  of  three  primaries 
required  by  a standard  observer  to  obtain  a visual  match 
with  the  color.  For  convenience  in  comparing  different 
."lors.  these  amounts  are  usually  e,\pressed  in  relative 
units  known  as  chromaticity.  The  following  sL\  figures, 
5.2-6  througli  5.2-1 1,  describe  the  development  and  use  of 
the  CIF  chromaticity  system. 

Two  standard  observers  have  been  defined  for  the  CIK 
chromaticity  system  One,  based  on  a 2'degree  color  field, 


was  published  *n  1931  (Kef.  13).  It  should  be  used 
whenever  the  color  field  is  4 degrees  or  smaller  (Ref.  14), 
which  will  include  most  imagery  display  applications.  A 
minimum  field  si/e  of  0.5  degree  has  been  suggested,  but 
in  the  absence  of  directly  relevant  test  data,  is  only 
approximate  (Ref.  15)  (see  Section  5.2.4. 1).  The 
second,  or  supplementary  CIF  standard  observer,  is  based 
on  a 10-degree  color  field  and  w’as  published  in  1964  (Ref. 
13). 

The  CIF  chromaticity  system  is  based  on  three  primar- 
ies. There  is  some  recent  evidence  that,  at  least  for  areas 
larger  than  5 to  10  degrees,  computations  based  on  four 
primaries  rather  than  three  yield  values  that  are  more 
consistent  with  subjective  color  over  a range  of  lumi- 
nances (Ref.  9). 

It  is  important  to  remember  that  in  many  articles  the 
chromaticity  coordinates  reported  for  a particular  color 
are  not  the  result  of  physical  measurement  of  that  color. 
Instead,  they  are  the  chromaticity  coordinates  of  a 
second  color  matched  visually  to  the  first.  In  this  case, 
all  the  variables  discussed  in  Section  5.2.4,  plus  measure- 
ment uncertainty  as  described  in  Section  5. 2. 1.5,  may 
have  affected  the  reported  value. 
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5.2  1.3  CIE  CHROMATICITY  SYSTEM  (CONTINUED) 


DEVELOPMENT  APPLICATION  OF  THE  SYSTEM 

OF  THE  SYSTEM  IFigure  5.2  8| 


Figure  5.2-6.  Development  and  application  of  the  CIE 
Chromaticitv  System  (Ref.  16).  One  way  to  describe  a 
color  quantitatively  is  to  match  it  visually  with  a color 
produced  by  combining  aopropriate  amounts  of  three 
primaries  (Figure  *>,2-3)  and  then  to  list  the  amount  of 
each  primary  present.  These  quantities  are  known  as  iri- 
stimulus  values  and  they  are  specific  tu  that  color  and 
observer  and  to  the  set  of  primaries  used.  The  tristimulus 
values  obtained  when  the  color  being  matched  is  spectral, 
or  monochromatic,  are  kno'vn  as  spectral  tristimulus 
values.  The  CIE  chromaticity  system  is  based  on  spectral 
tristimulus  values  measured  for  the  entire  range  of  spectral 
colors,  using  several  observers  with  normal  color  vision. 

Most  of  the  spectral  tristimulus  values  used  to  develop  the 
CIE  system  were  obtained  using  three  monochromatic  pri- 
maries, red  (R),  green  (G ),  and  blue  (B).  Any  color  can  be 
matched  using  these  three  primaries,  but  in  some  cases, 
o .e  of  the  primaries  must  be  added  to  the  color  being 
matched  rather  than  to  the  other  two  primaries.  To  make 
calculations  with  the  CIE  chromaticity  system  more  con- 
venient, these  negative  values  have  been  eliminated  by  a 
mathematical  transformation  to  spectral  tristimulus  values 
for  three  imaginary,  or  physically  impossible  primaries,  X, 
Y,  and  Z (Ref.  17,  Figure  5.2-7). 


Spectral  tristimulus  values  have  the  special  property  that 
they  can  be  combined  with  the  spectral  distribution  of 
radiant  energy  for  a particular  color  to  determine  the  tri- 
stimulus values  for  that  color.  This  is  normally  dene  sepa- 
rately for  each  of  the  three  primaries  by  multiplying  the 
amount  of  radiant  energy  in  the  color  at  each  5,  10,  or  20 
nm  point  along  the  spectrum  by  the  spectral  tristimulus 
value  of  that  primary  at  that  particular  wavelength  and 
summing  the  products.  The  resulting  tristimulus  values,  X, 
Y,  and  Z,  are  identical  to  the  amounts  of  the  three  imagi- 
nary primaries,  X,  Y,  and  Z that  would  provide  a visual 
match  to  the  color  for  the  CIE  standard  observer. 

For  convenience  in  comparing  different  colors,  the  tri- 
stimulus values,  X,  Y,  and  Z are  usually  normalized  to 
obtain  relative  values,  ,v,  y,  and  2.  These  are  known  as 
chromaticity  and  are  usually  presented  graphically  as  in 
Figure  5.2-9. 

Computational  details  for  the  CIE  chromaticity  system 
are  summarized  in  Figure  5.2-8. 


5.2-9 


SPECTRAL  TRISTIMULUS  VALUES 


SECTION  5.2  COLOR 


5.2.1.3  CIE  CHROMATICITY  SYSTEM  (CONTINUED) 
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Figure  S.2-7.  Spectral  Tristimulus  Values  for  the  1931 
Standard  Observer.  Since  the  CIE  primaries,  X,  Y.  and  Z, 
do  not  exist  physically,  the  easiest  way  to  illustrate  them 
is  in  terms  of  the  amount  of  each  required  to  provide  a 
visual  match  to  the  spectral  colors.  These  quantities  are 
referred  to  as  spectral  tristimulus  values,  or  sometimes  as 
color  matching  functions.  The  spectral  tristimulus  values 
for  the  CIE  1931,  2-degree  standard  observer  are  illus- 
trated here.  Tables  ars  also  included  in  most  texts  on 
color  (Ref.  13). 

The  CIE  Y primary  was  defined  so  that  for  the  1931 
standard  observer  it  has  a spectral  tristimulus  value  that 
matches  the  photopic  luminosity  function  of  the  eye. 
That  is,  the  curve  labeled  / in  this  figure  is  identifical  to 
the  solid  curve  in  Figure  3.2-2.  As  a result,  the  wave- 
length t vavelength  multiplication  of  spectral  raoiant 
transmission  by  the  spectral  tristimulus  value  for  the  Y 
primary, yields  a tristimulus  value,  Y,  equal  to  lumi- 
nous transmission.  If  radiant  energy  is  used  instead  of 
radiant  transmission,  Y will  be  equal  to  luminance.  (This 
conversion  is  used  in  Section  6.8. 1.3.) 
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5.2.1.3  CIE  CHROMATICITY  SYSTEM  (CONTINUED) 


X+  Y + Z 
Y 

X+  Y + Z 
Z 

X+  Y + Z 


y CHROMATICITY 
COORDINATES 


Figure  5.2-8.  Calculation  of  Chromaticity  Coordinatej. 

The  computa’ional  procedures  for  deterrriining  the 
chromaticity  coordinates  of  a color  are  summari?ed  here 
(Ref.  19),  Specific  details,  including  the  necessary  tables 
of  spectral  tristimulus  values,  are  available  in  numerous 
sources  (Ref.  18).  Note  that  tables  for  the  1931,  2-degree 
observer  are  used  for  color  areas  smaller  than  4 degrees 
and  tables  for  the  1964,  IDdegree  observer  are  used  for 
larger  color  areas. 

The  starting  point  for  calculating  chromaticity  coordi- 
nates is  the  spectral  distribution  of  radiant  energy  in  the 
color,  which  can  be  expressed  in  either  absolute  or  relative 
units.  In  this  example,  rjntive  values  are  obtained  by  mul- 
tiplying the  relative  radiant  energy  of  the  display  (Rx)  by 
the  transmittance  of  the  imagery  (Tx)  at  each  wavelength 
across  the  visible  spectrum.  Each  of  the  three  tristimulus 
values.  .V,  Y.  or  Z,  is  then  calculated  by  multiplying  the 
product,  Rx  *T\,  by  the  coi  responding  spectral  tristimu- 
lus value, .vjj.  or  r X-  ahd  summing  over  wavelength.  A; 
this  IS  equivalent  to  taking  the  area  under  the  curve  in  the 
figure.  The  summation  is  usually  carried  out  at  wavelength 
intervals  of  5 or  10  nm  (Ref.  20).  Finally,  the  tristimulus 
values  -V.  Y,  and  Z are  normalized,  using  the  equations  at 
the  bottom  of  the  figure,  so  that  the  resulting  chroma- 
ticity coordinates,  v.  _v.  and  z sum  to  unity. 

Since  the  three  chromaticity  coordinates,  at.  y,  and  z sum 
to  unity,  only  two  are  unique.  It  is  common  to  state  only 
X and  v and  to  plot  them  on  a chromaticity  diagram  as 
shown  in  Figure  5.2-9. 

Note  tha,  .he  normalization  of  .V.  Y.  and  Z into  x.  y,  and 
z eliminates  any  information  about  the  absolute  value  of 
X.  Y.  and  Z.  A complete  description  of  a color  therefore 
includes  one  of  these  three,  usually  )'. 
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5.2.1.3  CIE  CHROMATiCITY  SYSTEM  (CONTINUED) 


Figure  5.2-9.  The  CIE  Chromaticity  Diagram.  Becat'SB.r, 
y,  and  z sum  to  1,  only  two  of  the  three  must  be  given  to 
fully  describe  the  chromaticity  of  a color.  Most  com- 
monly, X and  V are  given,  plotted  as  illustrated  here  on  the 
CIE  chromaticity  diagram  (Ref,  21).  The  redundant  z axis 
is  sometimes  thought  of  as  projecting  vertically  up  out  of 
the  page.  The  two  quantities,.'.  and>’,  are  usually  known 
as  chromaticity  coordinates. 

On  the  chromaticity  diagram,  the  approximately  triangu- 
lar region  of  physically  possible  colors  is  bounded  on  two 
sides  by  the  horseshoe-shaped  line  defined  by  the  chroma- 
ticity coordinates  of  the  spectral  colors  and  on  the  third 
side  by  a line  connecting  the  two  ends  of  the  horseshoe. 


As  can  be  seen,  the  chromaticity  coordinates  for  the  X 
and  Y primaries  fall  well  outside  the  region  of  physically 
possible  colors. 

Note  that  the.ir.j'  chromaticity  diagram  is  defined  by  the 
X,  Y,  and  Z piimaries,  but  that  the  chromaticity  of  a par- 
ticular color  is  calculated  from  spectral  tristimulus  values 
for  a particular  standard  observer.  Hence,  a single  color 
will  usually  have  different  chromaticity  coordinates  for 
the  1931  and  1964  standard  observers.  Similarly,  the 
color  triangle  is  somewhat  different  for  the  two  observers. 
Unless  noted,  only  the  1931,  2-degree  observer  is  used  in 
this  handbook. 
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5.2.1.3  CIE  CHROMATICITY  SYSTEM  (CONTINUED) 


Figure  5.2-10.  Dominant  Wavelength  and  Purity.  The 
chromaticity  coordinates  of  a color  serve  to  def\ie  two 
parameters,  dominant  wavelength  and  purity,  which  corre- 
spond loose.'/  to  the  subjective  parameters  hue  and  satura- 
tion described  in  Figure  5.2-4.  Dominant  wavelength  and 
purity  are  defi.icd,  as  is  illustrated  here,  in  terms  of  a ref- 
erence achromatic  color  (Ref.  22).  This  is  usually  one  of 
the  standard  illuminants,  A,  B,  or  C,  described  in  Figuie 
5.2  13. 

The  dominant  wavelength  of  a color  is  determined  by  the 
intersection  with  the  spectrum  locus  of  a line  passing 
through  the  chromaticity  coordinates  of  that  color  and  of 
the  reference  co.or.  In  this  figure,  the  dominant  wave- 
length of  Color  1 IS  540  nr"  hor  nonspectral  colors,  such 
as  Color  2,  the  line  is  extended  to  determine  the  dominant 
waveiength  of  the  complementary  color,  which  is  usually 
given  as  a negative  value  or  followed  by  a C.  Hence,  the 
dominant  wavelength  of  Color  2 is -500  nm,  or  500C  nm. 

Purity  is  the  relative  location  of  a color  along  the  solid 
line  connecting  the  achromatic  reference  color  to  the 
spectrum  or  nonspectrum  locus.  The  purity  of  Color  1 in 
the  figure  is  about  70  percent,  and  the  purity  of  Color  2 is 
about  30  percent. 
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5.2.1.3  CIE  CHROMATiCITY  SYSTEM  (CONTINUED) 


Figure  5.2-11.  The  1960  CIE  Uniform  Chromaticity 
Spacing  (UCS)  Diagram.  Ore  of  the  difficulties  with  the 
CIE  chromaticity  diagram,  shown  in  Figure  5.2T0  to  illus- 
trate color  space,  is  that  the  smallest  discriminablo  differ- 
ence between  two  colors  is  much  larger  in  some  regions 
than  in  others  (Figure  5.2-27).  For  many  purposes,  such 
as  estimating  the  contribution  of  chromaticity  to  the  con- 
trast between  a target  and  its  background,  a more  uniform 
representation  'S  desirable.  Numerous  systems  have  been 
developed  for  this  purpose  (Ref.  23).  The  one  illustrated 


here  was  adopted  by  the  CIE  in  I960  as  the  best  available 
compromise  between  accuracy  anr!  simplicity  (Ref,  2^). 

Although  the  ir,  r chromaticity  diagram  is  appreciably 
nonuniform  in  some  regions,  it  is  apparently  as  close  to 
uniform  as  any  two-dimensional  representation  can  be, 
and  in  view  of  the  relatively  large  variation  iri  color  sensi- 
tivity among  color-normal  individuals,  it  is  sufficient  for 
most  situations  (Ref.  25). 
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5.2.1.4  CHROMATICITY  OF  TYPICAL  COLORS 


■As  an  aid  in  iindL’islaii Jini;  llu'  Lll  din ■maticit>  l>\^ll'ln, 
the  diroinali^ilv  ciHirdinalos  ol  a iuinil'i.'r  ol  cuinnmn 
inalaiiaN  and  lllumin..nK  arc  ilhnIialL’d  In  lids  SL-ali  in. 


Liiniro  5.2-12  aK<'  ill'.islialcs  llic  nood  in  include 
lifiliim.-s'v,  nr  the  Uiniinanv.e  I'aclnr.  as  pai!  nf  llic 
dossr'pllnii  n)  'iiany  Cninis. 


1.  RCft  MONOGRAM 

2.  APPLt  (Slehmjn) 

3.  ROSE  (Best  Times) 

4.  DANDELION 

5.  BANANA 

6.  TOMATO  JUICE 
RED  TRAFFIC  LIGHT 

3.  AMBER  TRAFFIC  LIGHT 

9.  GREFN  TRAFFIC  LIGHT 

10.  U S FLAG  (red) 

11.  U S FLAG  (l)lue) 

12.  GREEN  GRASS 

13.  HERSHEY  BAR 

14  LEATHER  BRIEFCASE 
IB.  LIPSTICK  (clear  red) 

16  LEMON 

17  .'RANGE 

IB  CuC  A COLA 

19.  LIGHT  SOURCE  (6000°K) 

C ILI.UMINANT  C 


Figure  5.2-12.  Chromaticit/ of  Common  Materials.  The 
chromaticities  o*  'eveial  common  materials  and  illumi- 
nants  are  shown  here  (Ref.  26,X).  Part  (b)  of  the  figure 
also  serves  to  illustrate  the  variation  in  chromaticity  that 
occurs  from  sanp.e  to  Sample,  This  variation  should  be 
kept  in  mind  when  using  chromaticity  values  from  part 
(a),  or  from  some  other  source. 

Part  (a)  of  this  figure  also  serves  to  illustrate  how  describ- 
ing colors  only  in  terms  of  chromaticity,  without  includ- 
ing luminous  reflectance  or  some  comparable  quantity, 
can  be  misleading.  Note,  for  example,  how  close  the 
chromaticity  of  the  low-reflectance  chocolate  bar  (13)  is 
to  the  chromaticity  of  red  lipstick  (15).  Coca-cola  (18) 
stands  in  a similar  relationship  to  RCA  red  (1 ) and  tomato 
juice  (6). 
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5.2. 1.4  CHROMATICITY  OF  TYPICAL  COLORS  (CONTINUED) 


A ^ ILLUMtNANT  A (inc.indescent  lamp) 

B ' ILLUMINANT  B (njo.nunhght) 

C ^tLUMINA^JT  C (iWGMqe  indirt'cl  (1av*'9^il) 
E ‘ EQUAL  ENERGY  (.V  =>' 

CWF  • COOL  WHITE  FLUORESCENT 
WF  • WHITE  fluorescent 
WWF  • WARM  WHITE  fluorescent 

(a) 


WAVELENGTH (nm) 


(cl 


(d) 


II  II 


Fig'ire  5.2-13.  Chromat’city  of  Typical  llluminants.  This 
figure  illustrates  the  chromaticity,  both  x,  .i'  and  ii,  v,  for 
the  CIE  standard  illuminants  A,  B,  and  C,  and  for  several 
other  common  illuminants  (Ref.  27).  Part  (d)  of  the  figure 
is  an  enlargement  of  a portion  of  (c).  The  temperature 
scales  are  calibrated  in  color  tciniicraturv,  which  provides 
a very  accurate  method  of  characterizing  incandescent 
lamps  and  is  useful  but  only  approximate  for  sources  such 
as  fluorescent  lamps. 


One  of  the  reasons  that  illuminant  chromaticity  is  impor- 
tant in  display  design  is  that  it  determines  the  saturation 
range  available  for  any  particular  hue  in  the  material  being 
viewed  (Figure  5.2-10).  For  example,  (b),  (c)  and  (d)  illus- 
trate that  illuminant  C would  provide  more  room  for 
discrincinating  different  saturations  of  yellow  than  would 
illuminant  A. 
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SECTION  5.2  COLOR. 

5.2.1.4  CHROMATICITY  OF  TYPICAL  COLORS  (CONTINUED) 


G = )NK,  PAINT.  AND  DYE  COLOR  GAMUT 


Figure  5.2-14.  Surface  Color  Limits.  The  range  of  colors 
that  can  be  obtained  with  a particular  set  of  primaries  is 
frequently  referred  to  as  a L’ur'irrf.The  rjamut  of  surface,  or 
reflective,  colors  shown  here  includes  all  those  available 
with  printing  inks,  plus  all  those  included  in  three  popular 
coloi  notation  systems,  the  Munsell,  the  Ostwald,  and  the 
Textile  Color  Card  Association  (TCCA)  (Ref.  28).  This 
figure  was  published  in  1951.  It  is  possible  that  currently 
available  printing  dyes,  particularly  fluorescent  dyes, 
exerted  these  limits  slightly. 

Although  available  surface  colors  can  match  only  a por- 
tion of  the  region  on  the  chromaticity  diagram  bounded 
by  the  spectral  colors,  they  include  most  colors  that  occur 
in  nature  (Figure  5.2-12). 
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C ^ ILLUMINANTC 

1 “ REDDISH  PURPLE 

2 * PURPLE 

3 * BLUISH  PURPLE 

4 = PURPLISH  BLUE 

5 “ BLUE  IB) 

6 “ GREEMISHBLUE 

7 = BLUE  GREEN 

8 = BLUISH  GREEN 

9 GREEN  (G) 

10=  YELLOWISH  GREEN 

11  = YELLOWGREEN 

12  = GREENISH  YELLOW 
13“  YELLOW  lY) 

14“  YELLOWISH  ORANGE 

15  = ORANGE 

16“  REDDISH  ORANGE 

17  “ RED  IR) 

18  “ PURPLISH  RED 
19=  RED  PURPLE 

20  = PURPLISH  PINK 

21  “ PINK 

22=  ORANGE  PINK 
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Figure  5.2-15.  Color  Name:  for  Self-Luminous  Sur-  These  names  apply  to  high  lightness  surfaces.  A very  low 

faces.  A set  of  color  names  pioposed  in  1943  for  self-  lightness  surface  falling  in  area  22,  for  example,  would 

luminous  surfaces,  primarily  signal  lights,  is  illustrated  , appear  brown  (see  item  13  in  part  (a)  of  Figure  5.2-12). 

here  (Ref.  29).  Although  these  names  have  not  evolved 

into  a recognized  standard,  they  provide  another  useful 

means  of  illustrating  the  appearance  of  different  areas  on 

the  chromaticity  diagram. 
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SECTION  5.2  COLOR 

5.2.1.5  CO1.OR  SPACrS  FOR  ELECTRO  OPTICAL  DISPLAYS 


In  mo?t  color  electro-optical  displays,  each  color  ■ 
produced  by  adding  together  the  required  amount  of 
three  primary  colors.  At  some  poiirt  in  the  display 
system,  then,  there  must  be  three  separate  signals  one 
for  each  of  the  three  primaries. 

Tire  designer  needs  a convenient  and  easily  understood 
method  of  spccifyir.g  these  signals  and  of  visualizing  the 
color  t!iey  will  produce  in  the  display.  Subjective 
techniques  (Section  5. 2. 1. 2) are  inconvenient  and  impre- 


cise. CIL  chromaiicity  plus  luminance  is  an  essential 
method  of  describing  the  color  of  the  display  to 
iitdividuals  not  working  directly  with  the  display;  for 
example,  in  a scientific  report  or  as  part  of  a contract 
spccificatioii.  However,  chromaticity  plus  luminance  are 
not  particularly  cr'n-.eniem,  nor  is  their  relationship  to 
the  tliree  display  primaries  immediately  obvious.  For 
this  purpose,  a color  space  defined  by  ‘.he  three  display 
primaries,  as  is  illustrated  in  Figure  5.2-16  below,  is 
likely  to  be  the  most  appropriate. 


Figure  5.2-16.  Three-Dimensional  Color  Space  for  an 
Electro  Optica!  Display.  A color  space  convenient  for  use 
with  an  electro-optical  display  is  illustrated  here.  The 
ti'ree  arrows  represent  the  Quantity  of  each  of  the  tnree 
primary  colors  present  (Ref.  30).  These  serv’  to  define  a 
three-dimensional  color  space  similar  in  many  ways  to 
those  in  Sections  5. 2. 1.2  and  5.2. 1.3. 

Distance  in  this  color  space  can  be  used  to  represent  any 
one  of  three  distinct  Quantities: 

• The  strength  of  the  signal  controlling  the  primary 

• The  amount  of  rediant  energy  produced  by  each 
primary 

• The  perceptual  strength  of  the  radiant  energy  produced 
by  each  primary,  in  a unit  such  as  number  of  discrimin- 
able  steps 

This  color  space  nas  an  advantage  wer  those  in  Sections 
5.2. 1.2  and  5.2. 1.3  because  it  gives  the  designer  a more 
direct  indication  of  the  strength  of  each  of  the  three  pri- 
maries. However,  it  suffers  from  the  fact  that  it  is  unique 
to  the  particular  display  or  laboratory,  nraking  it  more 
difficult  to  utilize  published  information  on  color. 


SECTION  5.2  COLOR 


S.2.1.6  METAMERISM 

Metameric  colors  are  identical  in  appearance  but  differ- 
ent in  spectral  distribution,  while  isomeric  colors  are 
identical  both  in  appearance  and  spectral  distribution. 
Vlien  considering  ether  two  colors  are  n etsineric,  it 
Ls  common  for  appca.-ance  to  be  defined  in  te-  ma  of  CiE 
tii:>timu!us  values,  X,  Y,  and  Z (Ref.  HI).  C'’dy  if  iwo 
matching  colors  are  produced  by  nnaterials  having  nearly 
identical  physical  characteristics  are  they  ve;y  likely  to 
be  isomeric  rather  than  metameric. 

The  impact  of  metamerism  depends  on  the  situation. 
Because  surfaces  that  are  metameric  with  one  illumirant 
spectral  distribution  are  unlikely  to  match  with  a 


+ - 1931  OBSERVER  CHROMATICITY 
• - 196<  OBSERVER  CHROMATICITY 


(note  the 
expanded  scale) 


different  illuminant  spectral  distribution', 'it  is  necessary 
to  exercise  strict  control  over  the  illuminant.  Similarly, 
individual  differences  in  spectral  sensitivity  from  one 
obser.'er  to  the  next  can  result  in  disagreement  about 
whether  two  metameric  colors  match. 

t^Trenever  possible,  matches  should  be  isomeric  rather 
than  metameric.  For  example,  if  the  colors  of  targets  on 
co'or  film  are  to  be  determined  by  visual  matching 
against  a set  of  reference  colors,  tlien  isomerism  could  be 
achieved  by  producing  the  reference  colors  on  the  same 
I nd  of  color  film  as  is  used  for  the  color  imagery. 


Figure  5.2-1 7.  Metameric  Spectral  Distributions.  This 
figure  illustrates  three  hypothetical  spectral  transmittance 
distributions  that  are  mstameric  with  respect  to  illumi- 
nant C and  the  1931  standard  observer  (Ref.  32).  With  a 
different  illuminant  or  observer,  these  would  probably  not 
match.  For  example,  changing  to  an  illuminant  v/ith  a 
radiant  energy  output  concentrated  at  570  nm  would 
obviously  affect  the  three  distributions  differently,  with 
the  result  that  they  would  no  longer  match. 


Figure  5.2-18.  Metameric  Colors  As  Seen  by  Different 
Observers.  Colors  that  are  metameric  for  one  observer 
may  not  match  for  a different  observer.  This  is  illustrated 
here  fo;'  two  CIE  standard  observers,  the  1931  observer 
deiineti  for  the  appearance  of  a 2-degree  test  field,  and  the 
1964  observer  based  on  a 10-degree  test  field  (Ref.  33). 

Twelve  spectral  distributions  were  computed.  AH  of  these 
appeared,  to  the  1931  observer,  as  the  color  indicated  by 
the  cross  (-i-)  in  the  chromaticity  diagram.  For  the  1964 
observer  these  same  spectral  distributions  yielded  12  dif- 
ferent colors,  indicated  by  the  12  dots  (•). 
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SECTION  5.2  COLOR 

5.2.2  COLOR  VISION  TESTING 

The  information  suininariMd  in  this  section  (Ref.  34) 
leads  to  the  conclusion  that  there  is  currently  no  test 
available  that  can  be  used  with  confidence  to  determine 
whether  a particular  individual  has  the  color  vision  skills 
required  to  make  full  use  of  color  in  an  imagery  display. 
Much  of  this  problem  stems  from  the  fact  that  color 
vision  is  not  a single  skill  but  is  made  up  of  several 
partially  independent  dimensions.  As  a result,  an  individ- 
ual who  performs  well  on  one  test  of  ability  to 
discriminate  differences  in  color  may  not  perforin  well 
on  a test  designed  for  the  same  purpose  but  constructed 
differently. 

This  is  not  to  imply  that  there  arc  not  a number  of  tests 
available  that  can  detect  gross  color  defects,  and  it  may 
be  sufficient  in  some  instances  that  the  display  must  he 
usable  by  anyone  who  passes  such  a test.  However,  if  the 
display  user  must  make  extremely  precise  color  judg- 
ments (Section  5.2.2),  tlien  he  should  probably  be 
select.'^d  from  the  population  of  potential  users  on  the 
basis  of  his  ability  to  make  such  judgments.  The  tests 
described  in  Section  5. 2. 2. 2 below  can  be  used  for  this 
purpose,  but  the  very  limited  data  available  for  these 
tests  suggests  that  the  improvement  over  random  selec- 
tion will  not  be  great. 

Effective  selection  of  display  operators  will  require  a test 
designed  around  the  specific  color  discrimination  tasks 
to  be  performed  (Ref.  35).  Since  it  is  likely  that  some 
individuals  are  more  sensitive  than  others  to  the  variables 
described  in  Section  5.2.4  that  interfere  with  making  a 
color  match,  such  as  differences  in  size  of  the  colored 


areas  and  differences  in  background,  the  test  should 
include  at  least  some  items  that  incorporate  these  kinds 
of  differences. 

Existing  color  vision  tests  fall  into  iwo  general  cate- 
gories, each  of  which  demands  a different  kind  of 
ability;  for  the  second  category,  color  discrimination,  a 
somewhat  different  skill  is  required  for  each  specific 
test.  The  two  categories,  which  are  considered  in  detail 
in  Sections  5.2.2. 1 and  5. 2.2. 2 below,  are  as  follows: 

• Color  defect,  or  “color  blindness”  tests,  designed  to 
determine  if  an  individual  perceives  colors  in  the  same 
way  as  an  average  observer 

• Color  discrimination  tests  that  measure  ability  to 
distinguish  between  different  colors,  usually  by 
requiring  the  subject  to  order,  match,  or  name  a series 
of  col-ar  r.:mples 

Wlicn  considering  color  vision  requirements,  it  is  iinpor- 
unt  to  note  that  many  individuals  with  a color  defect 
can  make  color  discriminations  just  us  precisely  as 
color-normal  individuals  (Ref.  36).  Then  fore,  they  may 
be  as  suitable  as  color  normals  for  mi’.ry  image  interpre- 
tation tasks  involving  color,  especially  if  the  task  and 
display  are  properly  designed.  A minimal  requirement  if 
they  are  to  perform  color  matching,  for  example,  is  that 
the  reference  colors  be  isomeric  relative  to  the  color  of 
the  targets  (Section  5. 2. 1.6).  Also,  they  should  be 
requited  to  demonstrate  color  matching  skill  with  a test 
based  on  normal  work  activities. 
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SECTION  5.2  COLOR 


5.2.2.1  COLOR  DEFECT  TESTING 

A oolot-dcficicnl  individual  is  usually  defined  as  one 
who  cannot  pass  a colot  defect  test.  These  are  tests 
designed  to  determine  whether  an  individual  perceives 
colors  the  same  as  an  average  individual  perceives  them. 
Color  defect  tests  trace  their  origiir  to  bird  Rayleigh, 
who  in  IKtsl  showed  that  a mixture  of  red  light  (lithium 
red,  671  nm)  and  green  light  (thalliunt  gi'een.  .“i.I.S  nut) 
could  produce  a light  which  ntatched  yellow  (sodium, 
58.S  nniMRef.  37).  He  noted  that  different  observers  did 
not  use  the  same  proportions  of  green  and  red  to  obtain 
yellow.  Later,  an  instrument  known  as  an  anomaloscope 
was  developed  to  determine  an  individual’s  "R.tyleigh 
eijuation,”  The  way  people  perforirvd  on  tins  test  could 
be  grouped,  and  these  groupings  became  the  basis  for 
categori/iirg  color  defects,  Tliat  is,  people  who  match 
yellow  with  the  proportions  of  red  and  green  that  most 
people  use  are  classified  normal.  Those  who  use  other 
proportions,  or  wT,o  can  accept  a wide  range  of 
proportions  as  a match  to  yellow,  arc  said  to  have  a 
color  defect.  The  different  categories  of  color  defect  and 
the  population  incidence  within  each  category  are 
stimmari/cd  in  Figure  5.2-1 6. 

Most  color  defect  tests  are  limited  to  as.sessing  percep- 
tion of  the  red-green  continuum  by  matching  a mixture 
of  these  two  colors  against  a yellow  standard.  However, 
some  recent  tests  also  measure  yellow-blue  perception 
(Ref.  33).  Defects  in  yellow-blue  perception  are 
extremely  rare;  according  to  Figure  5.2-19,  they  occur  in 
only  0.07  percent  of  the  color  defective  population. 

In  general,  anomaloscopes  are  fairly  consistent  in  placing 
color  defectives  in  the  sane  categories.  Although  no 
direct  measurements  of  the  reliability  with  which 
anomaloscopes  discriminate  among  color  normals  arc 
known,  one  report  provides  data  than  can  be  used  to 
obtain  an  indirect  estimate  (Ref,  39).  The  measure  used 
to  represent  degrees  of  deviation  from  normal  in  the 
proportion  of  red  and  green  mixed  to  make  yellow  is 
called  the  anomaly  quotient  (AQ).  ~\  \\c  reliability  of  the 
AQ  for  the  Nagel  anomaloscope  vvas  found  to  be  0.5‘> 
for  color-normal  individuals. 

Psviulo-hochromatic  chart  (IMC)  color  tests  prtwide  a 


second  mctliod  of  uetecting  a color  defect.  The  test 
items  in  a PIC  are  made  up  of  dots  of  various  colors  iliat 
form  one  pattern  for  individuals  with  normal  color 
vision  and  a different  pattern  for  individuals  with  a color 
defect. 

Pseudo-isochromatic  color  tests  appear  to  have  been 
developed  as  a substitute  for  anomahrscopes.  They  can 
be  administered  try  less-skilled  persons,  in  a shorter  time, 
and  with  less  investment.  The  earliest  test  charts  of  this 
type  were  developed  by  Stilling,  of  Germany,  and 
somewhat  later  were  improved  by  Ishihara,  of  Japan. 
Wlicn  these  sources  were  cut  off  during  World  War  II.  a 
version  known  as  the  H-R-R  was  developed  in  the  United 
States  (Ref.  40).  Other  tests  of  this  type  include  the 
Frecnn’-'  llluminant  Scale,  the  Rabkin,  the  Bostrom,  and 
Dvorine. 

Pseudo-isochromatic  tests  are  considered  to  be  measur- 
ing color  defects  properly  if  they  can  place  a test  subject 
in  the  same  color  defect  category  as  the  anomaloscope 
(Ref.  41 ).  Because  of  the  way  they  are  constructed,  they 
also  promde  some  measure  of  color  discriirunation 
ability,  but  only  an  approximate  indication  and  only  for 
a very  limited  range  of  colors.  F'ven  the  most  similar 
colors  used  in  pseudo-isochromatic  tests  differ  by  18 
National  Bureau  of  Standards  (NBS)  units,  which  corre- 
sponds to  about  9 times  the  /list  notkeahie  difference  in 
hue  or  saturation  (Ref.  36).  Irregularities  in  the  illumina- 
tion under  which  the  test  charts  arc  viewed  or  in  their 
location  relative  to  the  illumination  source  can  make 
these  differences  even  larger. 

Reliability  statistics  for  pseudo-isochromatic  tests  are 
generally  low  and  suggest  that  except  possibly  for 
eliminating  individuals  with  extreme  color  deficiencies, 
they  are  of  limited  u.se  in  selecting  individuals  for  tasks 
that  require  good  color  vision.  In  the  opinion  of  some 
users,  the  Ishahara  test  is  considerably  nxrre  effective  in 
detecting  color  defectives  than  is  the  H-R-R  test  (Ref. 
42).  In  some  applications  it  may  be  most  useful  to 
administer  both. 
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5.2.2.1  COLOR  DEFECT  TESTING 


PREFERRED  DESIGNATION 

COLOR 

DISCRIMINATIONS 
POSSIBLE  * 

INCIDENCE  IN 

POPULATION 
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BY  NUMBER 
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BY  TYPE 
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FEMALE 

TRICHOMATISM  i3; 
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L D Y.B,  R G 

■■■■ 

■■1 
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PROTANOMALY  (red  weak) 

L D.  Y B,  L EAK  R G 

DEUTERANOMALY  (qr ecn  weak) 

L-D.  Y B,  WEAK  R-G 

mm 

DICHROMATISM  (21 

PROTANDPIA  (red  blind) 

L-D,  Y B 

1.0 

0.02 

(partial  color  t)linrlnessl 

DEUTERANOPI  A (green  blind) 

L D,  Y-B 

1.1 

0 01 

TRITANOPIA  (blue  yellow  blind) 

L D,  R G 

0.002 

0.001 

MONOCHROMATISM  (11 

congenital  total 

L-0 

0003 

0.002 

(total  color  blinriness) 

COLOR  BLINDNESS 

(cone  blindness! 

•L  D - light-dark 
Y-B  ’■  YELlOW  BLUE 
R-G  - RED-GREEN 


Figure  5.2-19.  Color  Defect  Categories.  One  cltssifica- 
tion  of  color  defects,  or  color  blindness,  is  illustrated  here, 
along  with  congenital  (as  opposed  to  acquired)  incidence 
data  (Ref.  43, X). 

Protaiiuimh  is  considered  to  involve  red  weakness 
because  more  than  a normal  amount  of  red  light  is 
required  to  match  a yellow  standard.  Similarly,  ilcuivr- 


anoimly  is  considered  to  involve  green  weakness  because 
more  than  a normi.1  amount  of  green  is  required. 

Moiiochroiwts  have  visual  problems  in  addition  to  their 
color  defect,  such  as  poor  visual  acuity  (Ref.  44).  As  a 
result,  they  are  extremely  unlikely  to  appear  in  a popula- 
tion required  to  perform  visually  difficult  tasks. 
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S.2.2.2  COLOR  DISCRIMINATION  TESTING 

Tests  developed  to  measure  color  discrimination  ability 
fall  into  two  categories,  according  to  their  purpose. 
Some,  such  as  the  Holmgren  Wool  Sorting  Test  and  the 
New  London  lamtern  Test,  were  designed  to  determine 
ability  to  perform  a specific  task.  There  are  no  Known 
color  discrimination  tests  developed  specifically  for  tasks 
involved  in  interpreting  color  imagery.  Perhaps  the 
closest  approach  is  the  Burnham-C'lark  Color  Memory 
Test  (BCCMT),  which  was  developed  as  a means  of 
identifying  individuals  who  could  judge  the  quality  of 
color  in  commercial  photographic  prints  (Ref.  45). 

The  Burnham-Clark  Color  Memory  Test  measures  hue 
discrimination  as  it  is  affected  by  memory.  A subject  is 
given  20  test  chips,  one  at  a time,  whose  match  he  must 
find  from  a set  of  43  comparison  chips  arranged  in  a 
color  wheel.  The  color  wheel  is  covered  so  that  only  one 
comparison  chip  appears  under  an  opening  view  at  a 
time.  After  viewing  a standard  chip  for  5 seconds,  it  is 
covered  and  a 5-second  wait  is  enforced.  The  subject 
then  turns  the  color  wheel  to  select  the  comparison  chip 
most  like  the  test  chip.  The  test-retest  reliability  is 
estimated  to  be  only  0.64  (Ref.  45). 

The  second  category  of  color  discrimination  tests  con- 
sists of  general-purpose  instruments  such  as  the  Farns- 
worth-Munsell  100  Hue  Test  (F.MIOO);  this  test  requires 
the  subject  to  place  in  order  a set  of  85  Munsell  color 
chips  (Section  5. 2. 1.2  .taken  20  or  more  at  a time,  into  a 
hue  series  (red  to  orangish-red  to  reddish-orange,  etc.). 
Each  chip  has  the  same  value  of  lightness  (luminous 
reflectance)  and  chroma  (saturation).  Thus,  the  test 
ostensibly  measures  hue  discrimination.  The  test-retest 
reliability  is  a moderate  0.82,  and  with  a second  retest  it 
drops  to  a low  0.67.  A considerable  increase  in  scores 
occurs  between  successive  administrations  (Ref.  46). 

Another  general-purpose  color  discrimination  test  is  the 


Inter-Society  Color  Council  Color  Aptitude  Test  (ISCC- 
CAT).  Like  the  FMIOO,  it  uses  Munsell  color  chips  that 
are  all  of  the  same  liglitness.  This  test  requires  the 
subject  to  match  a color  chip  of  a given  hue  to  a color 
patch  on  a panel  containing  various  colors  of  that  hue 
which  differ  in  saturation.  Thus  the  test  ostensibly 
measures  saturation  discrimination.  The  total-score  test- 
retest  reliability  of  the  ISCC-CAT  is  reported  as  only 
0.53  (Ref.  45).  The  correlations  among  the  four  differ- 
ent subtests  (four  hues)  vary  between  0.20  and  0.30 
(Ref.  45),  which  suggests  that  the  subtest  scores  by 
themselves  are  virtually  useless.  Nevertheless,  this  test  is 
quite  often  used  in  industry,  perhaps  because  it  is  so 
difficult  for  persons  tested  to  achieve  high  scores. 

The  correlation  among  different  color  discrimination 
tests  is  relatively  low,  indicating  that  each  measures 
different  aspects  of  color  discrimination  ability.  For 
example,  in  one  study,  the  BCCMT  correlated  only  0.34 
with  the  ISCC-CAT  and  0.42  with  a lesser  known  test, 
the  Woods  Color  Aptitude  Test  (Ref.  45).  In  another 
study,  the  three  color  discrimination  tests  described 
above,  the  FMiOO,  the  ISCC-CAT,  and  the  BCCMT,  plus 
an  anomaloscope,  were  administered  along  with  tests  of 
cognitive  (mental)  skills  and  personality  to  a group  of 
individuals  with  normal  color  vision  (Ref.  36).  The 
correlations  among  the  four  color  tests  were  very  low, 
and  a factor  analysis  indicated  that  they  shared  about  as 
much  variance  with  the  cognitive  skills  and  personality 
tests  as  with  each  other. 

Although  it  is  not  normally  used  as  a color  discrimina- 
tion test,  the  repeatability  of  a subject’s  settings  on  the 
anomaloscope  provide  an  indication  of  his  discrimina- 
tion ability,  at  least  along  the  red-green  dimension,  and 
the  blue-yellow  if  it  is  tested.  A limited  amount  of  this 
type  of  data  is  available  (Ref.  36). 
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SECTION  5.2  COLOR 


5.2.3  DETECTION  OF  COLORED  TARGETS 

It  is  assumed  in  this  section  that  the  chromaticity  of 
target  objects  and  theii  surroundings  differ  and  that 
these  differences  provide  chromaticity  contrast  that  adds 
to  the  luminance  contrast  the  targets  would  have  in 
black  and  white  imagery,  thereby  making  them  more 
likely  to  be  found  by  the  display  user  (see  introduction 
to  Section  5.2).  The  display,  therefo.e.  should  provide 
the  maximum  chromaticity  contrast  possible  from  the 
imagery,  and  it  should  provide  a viewing  situation  in 
which  the  user  is  as  sensitive  as  possible  to  differences  in 
image  chromaticity  and  luminance. 

For  imagery  in  the  form  of  film,  the  only  way  the 
designer  can  affect  image  chromaticity  is  by  changing 
illuminant  spectral  distribution.  This  topic  is  covered  in 
Section  3.2.9  and  is  reviewed  briefly  here.  For  electronic 
imagery,  the  techniques  for  changing  chrotnaticity  that 
are  available  to  the  designer  are  considerably  different, 
but  the  goals  are  essentially  the  same. 

First,  the  chromaticity  gamut  of  the  displayed  image 
should  be  made  as  large  as  is  compatible  with  achieving 
the  necessary  image  luminance.  Tlie  use  of  an  illuminant 
consisting  of  three  narrow  spectral  bands  centered  on 
the  peaks  of  the  three  fdm  dye  layers  will  yield  the 
maximum  chromaticity  gamut  (Ref.  47),  but  the  fdter- 
ing  required  may  reduce  the  luminous  efficiency  to  an 
unacceptable  level.  Wiether  the  improvement  in  chroma- 
ticity  gamut  over  ordinary  illuminants,  with  broader 
spectral  distributions,  is  of  practical  significance  has  not 
been  tested.  A good  compromise  might  be  a fluorescent 


lamp  with  the  phosphors  selected  to  concentrate  the 
radiant  energy  at  the  desired  wavelengths. 

Second  a wide  range  of  illuminant  chromaiicities  will 
appear  white  (Figure  5.2-13,  Section  5. 2.4.6),  but  some 
may  yield  better  chromaticity  contrast  than  others.  As 
Figure  5.2-10  illustra'es,  the  purity  of  a color  in  the 
displayed  image  will  range  from  zero,  a*,  the  chromatic- 
ity of  the  illuminant,  to  a maximum  set  by  the 
combination  of  the  illuminant  and  the  spectral  transmis- 
sion of  the  imagery.  Wlien  this  range,  expressed  in 
perceptual  units  such  as  those  provided  by  the  u.  v 
diagram  of  Figure  5.2-11,  is  a maximum,  the  largest 
number  of  chromaticity  steps  can  be  discriminated  by 
the  display  user  at  that  dominant  wavelength.  Assuming 
that  target  and  background  chromaticities  are  randomly 
distributed  in  the  imagery,  or  that  they  are  not  known, 
then  it  is  most  reasonable  to  choose  an  illuminant 
chromaticity  near  the  center  of  the  chromaticity  gamut 
thereby  giving  all  spectral  regions  an  approximately 
equal  number  of  discriminablc  steps.  However,  if  colors 
in  some  spectral  regions  are  more  important,  it  may  be 
useful  to  shift  the  illuminant  spectral  distribution  in  this 
region.  (For  an  example,  see  Section  5. 2.4.7.) 

An  additional  restriction  on  illuminant  spectral  distribu- 
tion is  useful  if  the  imagery  spectral  distribution  of 
important  target  objects  and  their  typical  backgrounds 
are  known.  As  is  discussed  in  Section  3.2.9,  tliis 
information  can  be  used  to  select  an  illuminant  that  will 
yield  maximum  chromaticity  and  luminance  contrasts. 


SECTION  5.2  COLOR 


5.2.4  VISUAl.  COLOR  MATCHING 
RECOMMENDATIONS: 

Design  the  color  matching  viewing  situation  so  that  the  following  features  of  the  target  and  referencr/ 
colors  are  as  equivalent  as  possible: 

• Size  of  colored  area 

• Luminance  of  colored  area 

• Luminance  of  surrounding  area 

• Hue  and  saturation  of  surrounding  area 

Make  both  the  target  and  reference  colored  areas  at  least  1 degree  in  size. 

Make  it  easy  for  the  operator  to  shift  his  vision  between  the  target  and  the  reference  colors.  Ideally, 
provide  a split-field  viewer  so  that  the  two  colors  can  be  seen  next  to  each  other. 

Eliminate  highly  luminous  areas  that  might  affect  adaptation;  this  applies  both  to  the  visual  field  when 
looking  at  one  of  the  colors  and  while  shifting  from  one  to  the  other. 

Allow  each  color  to  be  viewed  with  both  eyes,  or  at  least,  by  the  same  eye,  instead  of  presenting  the  target 
to  one  eye  and  the  reference  colors  to  the  other. 

Control  the  spectral  distribution  of  the  illuminant  used  for  both  the  target  and  the  reference  colors. 

To  reduce  the  impact  of  illuminant  spectral  distribution  and  of  individual  differences  in  spectral  sensitivity 
(Section  5.2.2),  use  reference  colors  on  materials  with  the  same  spectral  characteristics  as  the  target  color; 
in  most  instances,  this  means  they  should  be  on  color  film.  In  particular,  because  of  their  different 
appearance,  avoid  using  reflective  colors,  such  as  paint  chips  to  match  colors  in  a film  transparency. 

Provide  a neutral  (gray)  surround. 

Use  a high-color-temperature  illuminant  in  order  to  facilitate  d'scrimination  among  colors  in  the  yellow 
region.  The  preferred  value  is  7500°K,  with  a minimum  of  5000°K. 

of  presentation  can  affect  the  results  obtained,  or  at 
least  the  conclusions. 

A third  option,  in  addition  to  physical  measurements  or 
color  matching,  is  for  the  display  user  to  simply  assign  a 
name  to  the  color  from  memory,  without  reference  to 
any  standard  color  materials.  Unless  extensive  training  is 
provided,  the  number  of  colors  that  can  be  distinguished 
consistently  in  this  fashion  does  not  exceed  a dozen  or 
so  (Ref.  48),  and  borderline  colors  will  often  receive 
different  names  from  different  observers.  If  this  level  of 
precision  is  adequate,  then  the  size  of  the  color  shifts 
caused  by  many  of  the  factors  described  in  the  remain- 
der of  Section  5.2.4  will,  by  comparison,  be 
insignificant. 


It  may  be  necessary  to  quantify  the  color  of  an  object 
seen  in  an  imagery  display  in  order  to  include  the  color 
in  a report  or  as  an  aid  to  identification.  Color  can  be 
quantified  using  physical  measurements  or  by  visual 
matching  against  a set  of  reference  colors.  This  section 
describes  probable  sources  of  error  when  using  the  latter 
method.  The  potential  for  color  errors  because  of  the 
normal  variations  in  imagery  collection  and  processing  is 
not  considered  here. 

It  is  common  to  report  the  results  of  visual  color 
matches  in  terms  of  the  principal  quantitative  color 
designation  technique,  the  CIE  chromaticity  system; 
that  convention  is  generally  used  here.  However,  there  is 
limited  evidence  (see  Section  5. 2.4.3)  that  this  method 
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SECTION  5.2  COLOR 


5.2.4  VISUAL  COLOR  MATCHING  (CONTINUED) 

It  is  common  to  think  of  tlic  colot  of  an  area  ii\  terms  of 
some  function  of  the  spectral  distribution  of  the  radiant 
energy  arriviirg  at  tlie  eye  from  tliat  area.  Wliile  this  is 
itsually  the  predominant  factor,  color  also  varies  with 
the  following  factors; 

• The  si/e  of  the  area  being  viewed;  smaller  are: 
generally  appear  less  saturated  (.Section  5.2.4. 1). 

• The  luminance  of  the  area  being  viewed;  darker  areas 
generally  appear  less  saturated  and  there  is  a siiift  in 
apparent  hue  with  luminance  (Sections  5. 2.4. 2 and 
5.2.4.4). 

• The  luminance  of  tlie  surrounding  area;  changing 
from  a light  to  a dark  surround  generally  increases  the 
lightness  and  decreases  the  saturation  (Sections 
5.2.4..I  and  S.2.4.4). 

• Th.’  hue  and  saturation  of  the  surrounding  area;  there 
is  a shift  in  color  toward  a color  complementary  to 
the  surround  (Section  5. 2.4. 5). 

• Prior  visual  e.xpcrience,  both  in  terms  of  spectral 
distribution  and  lumiitancc;  because  of  adaptation. 


sensitivity  to  colors  previously  seen  is  reduced  and 
sensitivity  to  complementary  colors  is  enhanced 
(Section  5. 2.4. 6). 

• Variation  among  individuais;  sensitivity  to  dilferent 
regions  of  the  spectrum  varies  among  individuals 
(Section  5 2.3). 

• Expectations;  knowledge  that  an  object  should  have  a 
certain  color  may  influence  the  results  of  color 
nutchmg. 

In  most  cast',  the  test  results  summari/cd  in  the  sections 
listed  above  show  only  the  direction  and  general  size  of 
the  shift  in  color  caused  by  a change  in  a particular 
parameter,  such  as  surround  luminance.  They  usually  do 
not  allow  setting  quantitative  limits  on  a viewing 
situation  that  will  ensure  that  the  color  shift  docs  not 
exceed  some  permissible  value. 

Tire  topics  ci.vcred  in  Sections  3.2.8  and  3.2.^)  arc  also 
relevant  to  the  problems  discussed  here. 


SECTION  5.2  COLOR 


5.2.4.1  TARGET  SIZE 


Smaller  tdrl’el^  appear  less  saUiraleJ  and  stiineiiiaes 
appear  sliifled  in  Ime  relative  to  latgei  tarttets.  Ability  to 
diseriminate  between  colors  is  also  reduced,  particularly 
along  the  blue/yellow  continuum.  It  tlte  field  is  loo 
small,  this  ability  may  be  lost  entirely,  a phenonv.u'on 
known  as  smull  JUlil  iritaiiopiu  (higure  ‘'.2-1');.  ;sonv  of 
the  lepoiteil  effects  ( Ref.  4U)  ate: 

• .Ability  to  discriminate  blue  from  yellow  was  gener- 
ally lost  v;ith  field  diameters  smaller  than  20  arc 
minutes  ( Ref.  50). 

• Starting  with  a 5 arc  minute  square  field,  si/e  increases 
to  7,  10,  and  16  arc  minutes  each  caused  succes- 
sively larger  increases  in  saturation  and  shifts  in  hue 
(Ref.  -i).  The  shifts  were  generally  along  the  blue; 
yellow  .ontinuum. 
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• Saturation  was  increased  slightly  and  ti.ere  wers  some 
shifts  in  hue  as  field  si/c  increased  from  2 to  1 2 
degrees  (Figure  5.2-20). 

• The  l‘)31  C'lt  Standard  Observer  is  based  on  viewing 
a 2-degree  color  field.  Changes  in  appearance  of  the 
coloicd  area  as  it  increased  to  10  degrees  led  to  the 
establishment  of  the  1964  CIF  Supplementary  Stand- 
ard Observer  for  10-degree  fields  (Ret.  1.2). 

At  least  part  of  the  variation  in  perceived  color  as  the 
colored  area  increases  in  si/e  beyond  a few  degre-'s  is 
related  to  the  decrease  in  the  density  of  the  color 
receptors,  the  cones,  and  perhaps  also  to  the  increase  in 
the  density  of  the  tods  outside  the  fovea  (Figure  .2.5-6). 


Figure  5.2-20.  Imparrt  of  Target  Size  on  Color.  The 
arrows  in  this  figure  show  the  shift  in  apparent  chromatic- 
ity  of  a test  area  as  it  was  increased  in  size  from  2 to  1 2 
degrees  (Ref.  52,0.  Each  arrow  is  based  on  12  settings  by 
each  of  eight  subjects. 

Although  these  shifts  show  considerable  randomness,  the 
tendency  is  for  the  test  area  to  move  further  from  the 
surround  as  it  becomes  larger. 


Figure  5.2-21.  Impact  of  Target  Size  on  Matching  Pre 
cision.  As  this  figure  illustrates,  chromaticity  matching 
precision  is  improved  considerably  by  increasing  target 
size  (Ref.  53,X).  The  change  is  greatest  below  about  5 
degrees. 


SECTION  5.2  COLOR 


5.2.4. 2 TARGET  LUMINANCE 


C'liaiiiios  in  larj;el  luminance  cause  clian[;es  in  l>olh  llie 
saluralion  ami  ihe  hue  dI'  ihe  tart:el.  Hepresei.talive  data 
are  suniinari/ed  in  the  next  two  liyures  (Rei.  4')). 
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Figure  5.2-22.  Impact  of  Target  Lumi.nance  on  Color. 

In  the  stud/  illustrated  here,  which  is  from  the  same 
source  as  Figure  5.2-2C,  increasing  target  lumi.iance  from 
3 to  22  cd/m^  (O.L  to  6.3  f L)  caused  shifts  in  both  hue 
and  saturation  (Ref.  52, C).  In  many  cases  the  sliifls  were 
slightly  larger  for  the  smaller  ta  gets. 

As  with  the  size  increase  in  Figure  5.2-20,  the  luminance 
increase  tended  to  cause  the  apparent  chromaticity  of  tfie 
target  area  to  move  away  from  the  apparent  chromaticity 
cf  the  surround. 


Figure  5.2-23.  Impact  of  Target  Luminance  on  Hue. 

This  figure  illustrates  wavelengths  perceived  as  having  con 
stant  hue  as  the  luminance  was  changed  (Ref.  54, C).  This 
is  often  referred  to  as  tl-.e  Ih'zold-Hnukv  plK-nomeium.  It 
is  larger  for  smaller  target  sizes  (Ref.  55). 

(The  luminance  scale  in  this  figure  is  a conversion  from 
retinal  illuminance,  in  trolands,  and  is  therefore  rot  ex- 
actly logarithmic.) 


SECTION  5.2  COLOR 


G.2.4.3  SURROUND  LUMINANCE 


In  scvotal  stiulics,  iiicteasitig  the  luminance  of  tlic  area 
surrounding  a target  decreased  tlie  brightness  and 
increased  the  saturation  of  the  target  (l  igures  5. 2- 24  and 
•25  and  Ket.  5()).  In  anotlter  study,  changes  it)  brightness 
but  not  in  saturation  were  observed,  possibly  because 
color  space  was  quantified  perceptually,  as  in  Figure 


S.2-5,  rather  than  in  terms  of  apparent  location  on  the 
chromaiicity  diagranr  (Ref.  57, X).  Althougli  this  evi- 
dence is  not  conclusive,  it  suggests  that  the  chroniatii:ity 
diagram  must  be  used  with  caie  wlicn  describing  the 
result  of  visual  color  matching. 


Figure  5.2-24.  Impact  of  Surround  Luminanr.c  on 
Color.  The  arrows  in  this  figu'e  illustrate  the  change  in 
appearance  of  7-  by  10-degree  targets  of  constant  spectral 
radiance  as  the  surround  changed  from  extremely  dark  to 
250  cd/m^  (73  f L)  (Ref.  58,B).  The  arrow-:  are  generally 
pointed  directly  away  from  the  chror.iaticity  of  the  illumi- 
nant,  indicating  that  the  increase  in  surround  luminance 
caused  an  increase  in  saturation  but  no  shift  in  hue. 

There  was  also  a considerable  decrease  in  target  bright- 
ness with  increasing  surround  luminance  that  r:  not 
illustrated  here. 


Figure  5.2-25.  Impact  of  Surround  Lumitvance  on 
Judged  Color.  In  another  study,  the  hue  and  saturation 
of  the  targets  in  Figure  5.2-24  were  not  determined  by 
matching  (Ref.  59,X).  Instead,  the  saturation  of  each  was 
judged  against  a mental  scale  that  ranged  from  0 for  color- 
less, or  gray,  to  100  for  the  maximum  saturation  the  sub- 
ject could  imagine  at  each  hue. 

The  result  of  increasing  surround  luminance  was  essen- 
tially the  same  as  in  Figure  5.2-24. 
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SECTION  5.2  COLOR 

5.2.4.4  Target  and  surround  luminance 


Pic  clToi-'t  of  clianiiinj:  latfiol  ai'd  siimmiul  luminance  causes  large  clianges  in  cliromaticiiy  and  some  shift  in 

siimillanoously  is  similar  to  changing  the  luminance  of  hue. 

citl'icr  one  individually.  As  the  next  figure  shows,  it 


Figure  5.2-26.  Impact  of  Target  and  Surround  Luminance 
on  Judged  Color.  In  this  study,  the  1 -degree-diameter  test 
color  was  viewed  against  an  equiluminous  neutral  sur- 
round provided  by  illuminant  B,  and  the  luminance  was 
set  to  one  of  the  five  values  listed  (Ref.  60,C).  For  each 
test  scene  luminance,  the  chromaticity  of  a 1-degree- 
dia.TiPter  reference  color  viewed  ^'ainst  an  illuminant  B 
surrouti't  with  a fixed  luminance  of  8.1  cd/m^  (2.4  fL) 
was  adjusted  to  match  the  test  color.  The  single  test  sub- 
ject viewed  the  test  field  with  one  eye  and  the  reference 
field  with  the  other  in  order  to  elirrinate  adaptation 
effects.  The  resulting  measurements  show  that  each 
decrease  in  the  luminance  of  the  test  target  and  its  sur- 
round caused  it  to  appear  less  saturated  or,  particulerly  at 
low  saturations,  to  shift  in  hue. 

The  experiment  described  here  is  simihir  to  the  situation 
a display  user  will  face,  in  tnat  flu  luminance  of  the 
unknown  color  and  its  surround  v;ill  change  together. 
However,  because  he  will  be  looking  back  and  forth 
between  the  unknown  .ind  the  reference,  he  will  proba- 
bly adjust  them  to  be  much  more  equal  in  luminance 
than  most  of  the  test  conditions  used  here,  with  a corre- 
sponding reduction  in  the  chromaticity  shift. 


5.2.4.B  SURROUND  HUE  AND  SATURATION 


Almost  every  text  that  treats  the  perceptual  or  artistic 
aspects  of  color  includes  a discussion,  and  often  a 
demonstration,  of  how  the  color  of  a small  target  is 
shifted  by  the  saturation  and  hue  of  the  surrounding 


color,  generally  toward  the  compleii«nt  of  the  surround. 
There  has  been  some  effort  toward  quantifying  this 
effect  (Ref.  61). 


SECTION  5.2  COLOR 

S.2.4.6  ADAPTATION 


To  a large  extent,  tlie  visual  system  responds  to  change 
rather  than  to  steady-slate  conditions.  Hence,  if  a 
uniform,  moderately  saiuialcd  surface  fills  the  visual 
field,  the  saturation  of  the  initially  perceived  hue  w'll 
decrease  and  the  surface  will  eventually  be  seen  as 
achromatic.  This  phenomenon,  known  as  aJuplatiim. 
involves  reduced  sensitivity  for  colors  with  hoes  similar 
to  the  one  being  viewed,  which  makes  them  appear  less 
saturated.  It  also  involves  increased  sensitivity  lor  colors 
of  complementary  hue,  which  makes  the  latter  appear 
more  saturated. 

Adaptation  also  occurs  when  viewing  a nonunifonn 
surface,  but  because  the  eye  is  almost  constantly 
moving,  the  effect  of  adaptation  is  usually  noticed  only 
when  an  afterimage  is  produced  by  a particularly  intense 
source  or  after  deliberately  staring  at  one  point  for  a 
period  of  time. 

Adaptation  is  also  a primary  reason  why  subjective 
colors  tend  to  remain  relatively  constant  over  wide 
changes  in  illuminani  color  and,  hence,  in  physically 
measured  color. 

For  most  situations  an  illuininant  should  not  appear  to 
have  any  hue.  Terms  typically  applied  to  this  condition 
are  achromatic,  neutral,  gray.  and.  if  the  luminance  is 
sufficient,  white.  The  viewing  situation  has  a major 
effect  on  the  range  of  spectral  distributions  that  will 
appear  achromatic,  with  the  result  that  authors  have 
written  at  length  on  the  questions,  "What  is  wiiite?” 
(Ref.  (>2).  Because  of  color  adaptation,  a wide  range  of 
different  spectral  distributions  will  appear  white  if  only 
one  is  present  in  the  visual  field.  Typical  examples  are 
warm  white  and  cool  wiiite  iluorescent  lanyis  (Figure 
5. 2-1,^),  both  of  which  are  '’cnerally  considered  white. 
However,  when  viewed  sidt  by  side,  the  w'arm  white 
lamp  will  appear  slightly  orange  pink,  and  the  cool  white 
lamp  sliglitly  blue.  Either  Ijy  itself  would  generally  be 
accepiable  for  making  many  kinds  of  color  judgments 


(howevei.  see  Sections  5. 2.4.7  and  5,2.1.(j),  but  using 
one  to  illuminate  the  reference  colors  and  the  other  to 
illuminate  the  unknown  would  likely  result  in  a signifi- 
cant error  in  the  color  match. 

Although  adaptation  to  hue  and  saturation  is  generally 
more  important  when  making  color  matches,  the  visual 
system  also  adapts  to  luminance  (Section  3.2)  and  even 
to  certain  image  details  such  as  the  spatial  frequency  of  a 
grating  ( Ref.  63). 

Adaptation  occurs  only  in  the  eye  being  stimulated.  One 
way  of  demonstrating  this  is  to  place  complementary 
color  filters,  such  as  red  and  green,  over  the  two  eyes  for 
a period  of  time.  After  removing  the  filters,  striking 
differences  in  the  sensitivity  of  the  two  eyes  to  different 
colors  can  be  seen  by  alterua'ely  opening  one  eye  and 
then  the  other.  A simpler  though  less  impressive  demon- 
stration results  from  covering  one  eye  and  exposing  the 
other  to  a briglit  surface  for  a period  of  tirne. 

Tire  fact  that  adaptation  occurs  only  in  the  eye  receiving 
the  ligltl  is  useful  in  experimental  situations.  For 
example,  to  measure  the  impact  of  luminance  on 
apparent  chromaticity,  the  test  subject  matches  a high 
luminance  color  seen  by  one  eye  against  a low  luminance 
color  seen  by  the  other.  Figure  5.2-26  illustrates  a 
typical  study.  This  technique,  of  one  color  to  each  eye, 
is  not  appropriate  when  the  goal  is  to  quantify  a color 
seen  in  an  imagery  display. 

Several  restrictions  can  help  eliminate  adaptation  as  a 
source  of  error  in  color  matching.  First,  both  eyes,  or 
the  same  eye  if  only  one  eye  can  be  used,  shou'd  view 
both  the  target  and  the  reference  color.  .Second,  to 
ensure  that  the  visual  scene  experienced  during  the 
transition  beiween  the  target  and  the  reference  color 
display  docs  not  affect  adaptation  and  possibly  influence 
the  match,  it  should  have  low  luminance  and  it  should 
be  achromatic. 
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S.2.4.7  ILLUMINANT  SPECTRAL  DISTRIBUTION 

Unlike  the  topics  in  the  other  parts  of  SectiL'ii  5.2.4, 
which  only  affect  perceived  or  subjective  color,  a change 
in  illuminant  spectral  distribution  can  also  change 
physically  measured  color.  Wliether  this  charge  intro- 
duces any  error  into  the  color  match  depends  on  the 
spectral  characteristics  of  the  colored  materials  being 
matched. 

Tlte  simp'jst  situation  occurs  when  the  target  and  the 
reference  colors  are  on  the  same  material,  such  as  a 
particular  kind  of  color  film.  Then,  if  both  are  illumi- 
nated by  the  same  source,  changes  in  the  illuminant 
spectral  distribution  will  cause  the  same  color  change  in 
both.  As  a result,  the  designer  has  more  freedcrii  to  use 
an  illuminant  with  a spectral  distribution  selected  to 
provide  other  benefits,  such  as  maximum  separation 
among  the  colors  of  interest.  (See  the  discussion  of  the 
color  contrast  discrimination  index  in  Section  3.2.9). 

If  the  target  and  reference  colors  arc  on  different 
materials,  then  colors  that  match  visually  are  almost 
certain  to  be  werawen'e  (Section  5. 2. 1.6)  and  each  must 
be  provided  with  the  proper  illuminant  spectral  distribu- 
tion in  order  to  obtain  valid  results.  For  example, 
Munsell  color  chips  arc  designed  for  viewing  under 
illuminant  C,  and  an  illuminant  with  any  other  spectral 
distribution  will  shift  the  color  of  each  chip.  It  is 
unlikely  that  identical  shifts  would  occur  in  as  dissimilar 
a material  as  color  film 

Tlicre  is  as  yet  ro  standard  for  illumination  of  colo 
imagery  when  the  goal  is  to  determine  the  color  of  an 
area  on  the  imagery  by  visual  matching.  The  closest 
thing  to  a standard  that  exists  is  the  American  National 
Standards  Institute  (ANSI)  standard  fot  viewing  coloi 
transparencies,  which  specifics  an  illuminant  with  a color 
rendering  index  ol'90  and  a correlated  color  temperature 
of  SOOO^^K.  (Ref.  64).  Althougli  the  specific  basis  for 
these  values  is  not  given  in  the  standard,  they  are 
apparently  intended  to  ensure  that  amateur  and  com- 


mercial snapshots  will  have  a pleasant  appearance. 
Another  ANSI  standaui  uitcnded  for  appraising  color 
quality  and  uniformity  in  graphic  arts  materials  may  be 
mere  relevant  (Ref.  65).  It  requires  a 5000‘^K  illuminant 
for  comparing  original  artwork  against  first  proof  points, 
but  requires  a much  bluer  light,  with  a color  temperature 
of  7500'’N,  in  order  to  enhance  discrimination  of  the 
yellow  ink  when  final  production  prints  are  being 
compared  with  approved  samples.  Figure  5.2-13  illus- 
trates how-higher  color  temperature  illumin.'';it5  provide 
more  color  space  in  which  to  discriminate  among 
different  yellows. 

An  illuminant  used  to  d'splay  color  imagery  in  order  to 
make  color  matches  should  meet  several  criteria; 

• Lamps,  and  filters  if  required,  should  be  readily 
available  commercially. 

• Consistency  among  units  should  be  sufficient  that  the 
user  would  not  need  to  make  spectral  output 
measurements  on  each  new  lamp. 

• Output  intensity  should  be  sufficient  to  provide  the 
desired  image  luminance  with  standard  displays  (see 
Sections  3.2,6  and  3.2.8). 

• Color  temperature  should  be  at  least  5000'’K,  with  a 
preferred  value  of  7500'^K,  in  order  to  provide  good 
discriminations  of  colors  in  the  v'ellow  region. 

• It  should  provide  maximum  discr:  ^inability  between 
colors  in  the  imagery,  possibly  by  Ci  r.centrating  the 
energy  into  three  narrow  bands  i:e;itered  on  the 
transmission  peaks  for  the  three  tje  layers  in  the 
color  imagery  (see  Section  5.2. 3>.  .A  liigh  color 
rendering  index  (Section  3.2.9)  is  .m  .ilternative. 
thougl)  not  a good  one,  to  selecting  jii  iiluminant  on 
the  basis  of  discriminability. 
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B.2.4.8  COLOR  MATCHING  PRECISION 

Any  color  matching  situation  involves  a ccrtaii*  amount 
of  error.  The  MacAdam  ellipses  covered  in  Figure  5.2-27 
provide  one  estimate  of  the  minimum  error  achievable 
under  id(.al  conditions.  Any  applied  situation  is  bound 
to  be  less  than  ideal  and  to  cause  a corresponding 
increase  in  measurement  error.  Whether  this  is  significant 
will  depend  on  tiie  importance  of  the  color  infonnation 
and  on  the  amount  of  ertor  introduced  in  other  stages, 
such  as  the  processing  of  the  film  or  the  several  stages  of 
signal  processing  in  an  electro  optical  display. 

These  ellipses  provide  a good  estimate  of  the  minimum 
size  chromaticity  matching  errors  to  be  expected,  and  of 
how  large  a chromaticity  difference  is  needed  to  provide 
a discriminable  step  in  a pseudocolor  display  (Section 


5.2.5).  However,  they  must  be  used  with  caution. 
Among  othe’-  limitations,  they  are  based  on  a single 
observer.  Wiile  some  observers  are  quite  similar,  others 
differ  widely  (Ref.  66).  MacAdam,  iti  fact,  has  suggested 
that  it  is  generally  inappropriate  to  average  responses 
from  different  observers  (Ref.  67). 

When  using  the  data  in  Figure  5.2-27  below,  it  is 
important  to  remember  that  they  apply  only  to  chroma- 
ticity. Similar  data  are  available  for  application  where  it 
is  desirable  to  add  the  third  color  dimensicn,  luminance 
(Ref.  68).  In  addition,  an  excellent  summary  of  the  data 
in  this  area  published  prior  to  1967  is  available  (Ref. 
69),  and  several  other  studies  have  recently  been 
published  (Ref.  70). 


i 


SECTIONS.?  COLOR 

5,2.4.8  COLOR  MATCHING  PRECISION  (CONTINUED! 


Figure  5.2-27.  Chromaticiiy  Matching  Under  Ideal  Con- 
ditions. The  ellipses  in  these  two  figures,  known  as  the 
MacAdam  ellipses,  illustrate  the  adjustment  precision 
possible  when  chromaticity  matches  are  made  by  a 
single  observer  under  ideal  conditions  (Ref.  71, B).  The 
split  field  containing  the  two  colors  to  be  matched  was 
2 degrees  in  diameter  and  had  a luminance  of  50  cd/m^ 
(15  fL).  It  was  surrounded  by  a 21-degree  illuminant  C 
field  at  haif  this  luminance.  The  axes  of  the  ellipses  are 
10  times  the  standard  deviations  of  the  settings  made. 


MacAdam  has  estimated  that  the  threshold,  or  mini- 
mum detectable  chromaticity  difference,  is  three  times 
the  standard  deviations  (Ref.  72). 

The  reduction  in  the  range  of  ellipse  sizes  when  they  are 
plotted  in  the  ii.  r as  opposed  to  the  .v.  r chromaticity 
diagram  illustrates  the  considerable  improvement  in 
color  space  uniformity  vhe  former  provi..es.  (However, 
see  the  discussion  with  Figure  5.2-11.) 
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5,2.5  PSEUDOCOLOR 

PscuJocolor  is  ilie  use  of  variations  in  hue  and  saturation 
t')  display  information  not  normally  experienced  as 
color,  such  as  radar  signal  strength  or  the  shades  of  gray 
in  achromatic  imagery.  Pseudocolor  provides  one  means 
of  displaying  iiKtre  signal  strength  levels  than  would  he 
discriminable  on  an  acltromatic,  or  blacK  and  white, 
display.  The  number  of  physically  discriminable  signal 
strengtlis  is,  of  course,  a fu.tction  of  the  signal-lu-noise 
ratio  and  dynamic  range  of  the  sensor  system  (.Sections 
4.3.3  and  4.3.4). 

Various  estimates  have  been  made  of  the  number  of 
discriminable  elements  in  chromatic  as  opposed  to 
achromatic  color  space.  For  example,  it  has  been 
suggested  that  several  million  combinations  of  lumi- 
nance, hue,  and  saturation  can  be  distinguished,  while 
only  a few  liundrcd  levels  of  luminance  may  be  available 
in  a practical  display  situation  (Ref.  73;  also  see 
Figure  4.4-l‘).) 

Althougli  the  practical  limits  on  chromatic  displays 
make  the  effective  gain  in  discriminable  levels  less  than 
this,  there  is  no  question  that  pseudoetdor  can  be  used 
to  increase  the  number  of  signal  levels  that  can  be 
discriminated  by  the  display  user.  If  the  user’s  only 
concern  is  in  determining  signal  strength,  for  example  in 
a narrow  wavelength-band  image  of  the  sun,  then 
pseudocolor  is  probably  useful  and  should  be  relatively 
easy  to  implement.  For  more  common  imagery  interpre- 
tation tasks  such  as  search  and  target  identification, 
there  are  restraints  on  the  effective  use  of  pseudocolor 
which  can  make  design  of  an  effective  display  very 
difficult. 

Although  pseudocolor  displays  are  a perennial  topic  in 
electro-optical  trade  journals  (Ref.  74),  the  only  known 
published  information  on  their  usefulness  consists  of 
demonstration  photos  rather  than  user  performance  test 
data.  As  a result,  the  discussion  in  this  section  is  limited 
to  general  concepts. 

The  increase  in  number  of  discriminable  signal  strengths 
with  pseudocolor  display  is  not  witliout  penalties  in 
other  dimensions.  Visual  acuity  is  generally  lower  when 
the  target  and  background  differ  only  in  hue  and 
saturation  and  not  in  luminance  (Ref.  75).  Whether  this 
increase  in  si/e  of  the  smallest  visible  target  when  the 
target  is  defined  only  by  hue  and  saturation  differences 
is  significant  depends  on  how  important  it  is  to  see  small 
details.  In  general,  it  means  that  the  designer  must  allow 


for  an  increase  in  display  magnification  and  a cor- 
responding reduction  in  the  ground  area  visible  at  any 
one  time.  It  should  be  noted  dial  luminance  differences 
are  very  difficult  to  eliminate  in  this  kind  of  test 
situation  and  may  have  contributed  to  misleading  results 
in  some  experiments. 

Without  the  object  size  limitation  mentioned,  there  is  no 
question  that  for  an  object  yielding  one  signal  streng  ., 
surrounded  by  a uniform  background  at  a single  slightly 
different  signal  strengt’.i,  mo.-e  signal  strength  differences 
will  be  discriminable  if  signal  strength  is  encoded  with 
hue  and  saturation  as  well  as  luminance. 

Unfortunately,  for  most  real  objects  a range  of  signal 
strengths  is  obtained  across  the  object  and  another  range 
is  obtained  across  the  background.  If  these  are  displayed 
as  different  luminances,  they  present  no  problem 
because  luminance  is  a single  dimension,  easily  inter- 
preted by  the  visual  system  as  such,  and  because  single 
objects  typically  include  a range  of  luminances.  As  a 
result,  an  aircraft  wing  is  seen  as  a single  object,  even 
Ihougli  the  luminance  ratio  along  the  length  of  the  wing 
may  be  several  times  as  large  as  the  luminance  ratio 
between  the  wing  and  the  background. 

Wlien  hue  and  saturation  are  added,  the  visual  system 
must  contend  with  three  dimensions  rather  than  only 
one,  and  there  is  no  assurance  that  the  signal  level 
gradient  along  the  wing  will  be  interpreted  correctly,  in 
particular,  if  the  assignment  of  color  to  signal  level  is 
such  that  the  wing  appears  in  several  distinctly  different 
colors  and  the  background  also  appears  in  several 
distinctly  different  colors,  then  the  observer  may  be  less 
able  to  perceive  the  wing  as  a single  object.  As  a result, 
the  wing  may  be  less  visible  than  when  it  was  displayed 
achromatically,  even  though  the  effective  contrast  of  the 
edge  of  the  wing  to  the  background  has  been  increased. 
This  problem  is  likely  to  be  more  severe  in  the  presence 
of  quantization  effects  in  digital  electro-optical  systems 
than  in  analog  systems. 

To  avoid  this  problem,  a basic  requirement  imposed  on 
the  relationship  between  signal  strength  and  color  for  a 
pseudocolor  display  is  that  when  any  two  colors,  either 
representing  adjacent  or  widely  separated  signal 
strengths,  are  compared,  it  should  be  immediately 
obvious  which  represents  the  higlter  and  which  the  lower 
signal.  (This  idea  is  also  treated  in  Figure  5.2-28  below). 
Ideally,  this  goal  should  be  reached  for  observers 
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5.2.5  PSEUDOCOLOR  (CONTINUED) 


unfamiliar  with  tlte  color  encoding  scheme  used;  in 
practice,  a certain  amount  of  training  may  be  both 
necessary  and  acceptable. 

In  a loose  sense,  the  difference  between  a pseudocolor 
and  an  achromatic  display  can  be  likened  to  the 
difference  between  a topographic  map  and  a shaded 
relief  map.  Tliere  is  no  question  that  the  topographic 


map  provides  more  detail,  nor  that  it  can  be  interpreted 
successfully  by  an  experienced  user.  However,  for  most 
users,  the  shaded  relief  map  makes  general  contours 
imtre  immediately  obvious. 

Color  space  for  pseudocolor  displays  is  discussed  briefly 
in  Section  5. 2. 1.5. 


LIGHTNESS 


Figure  5.2-28.  Pseudocolor  Display  Color  Mapping.  A 
pseudocolor  display  generally  'nvolves  the  mapping  of  a 
one-dimensional  parameter  into  a three-dimensional 
color  space.  The  three  color  dimensions  can  be  the  per- 
ceptual dimensions  brightness  (lightness),  hue,  and 
saturation-illustrated  here  as  a double  cone-or  their 
approximate  physical  equivalents,  luminance,  dominant 
wavelength,  and  purity.  Alternatively,  the  mapping  can  be 
carried  out  in  the  color  space  defined  by  three  primaries, 
as  in  Figure  5.2-16,  or  in  the  color  space  defined  by  the 
CIE  chromaticity  coordinates, ,r  and  v and  luminance,  Y 
(Section  5. 2. 1.3). 

Two  requirements  should  be  imposed  on  this  mapping. 
First,  it  should  include  as  many  visually  discriminable 
steps  as  possible  within  the  dynamic  range  of  the  dis- 
play (see  Section  5. 2.4. 8).  Second,  the  relative  value  of 
different  signal  strengths  should  be  obvious  to  an 
observer  with  normal  vision  and  minir.'al  training.  This 
applies  both  to  adjacent  and  to  widelv  separated  signal 
strengths.  For  example,  a spiral  path  that  makes  severcl 
revolutions  through  the  available  hues  in  passing  from 
dark  to  light,  such  as  path  M in  the  illustration,  might 
yield  the  maximum  number  of  discriminable  steps,  each 
of  which  stands  in  an  obvious  greater  or  lesser  relation- 
ship to  its  immediate  neighbor.  However,  the  relative 
value  of  two  widely  separated  signal  levels  that  differed 
in  hue  would  probably  not  be  obvious,  making  path  M 
a poor  choice.  The  longest  path  that  would  meet  all 
these  requirements  might  be  something  like  R in  the 
illustration.  One  approach  to  determining  path  R is  a 
computer-generated  random  walk  through  the  color  space. 
The  rules  to  impose  on  such  an  approach  must  be  chosen 
with  care. 

The  simplest  path,  of  course,  would  be  A,  which  follows 
the  achromatic  portion  of  the  color  space. 


/ 
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5.2.6  IMAGE  DISPLACEMENT  DUE  TO  COLOR 

CAUTION; 

Under  some  viewing  conditions,  colored  details  in  the  image  can  appear  displaced  from  their  true  location. 
Variations  in  display  interpupillary  distance  (IPD)  adjustment  can  have  a large  effect  on  the  amount  and 
direction  of  the  displacement. 


Under  certain  conditions,  strongly  colored  details  in  an 
image  will  be  seen  displaced  laterally  from  their  true 
locations.  This  effect  is  most  easily  seen  with  highly 
saturated  colors  that  have  dominant  wavelengths  near 
the  ends  of  the  visual  spectrum,  such  as  red  and  blue. 

Although  this  phenomenon  has  been  measured  a number 
of  times  (Ref.  76),  the  mechanism  involved  is  not  yet 
fully  understood.  It  is  certainly  related  to  the  large 
chromatic  aberration  of  the  eye.  As  Figure  3.4-4 
illustrates,  the  refractive  power  of  the  eye  is  more  than 
2.5  diopters  greater  at  400  nm  (blue)  than  at  700  nm 
(red);  the  difference  is  1 diopter  over  a range  of  470  to 
630  nm,  which  is  easily  obtainable  with  Wratten  filters 
and  is  sometimes  used  in  experiments  on  this  phenome- 
non (Ref.  77). 

The  rest  of  the  explanation  varies  from  author  to  author. 
For  example,  the  eye  pupil  is  normally  not  quite 
centered  and  it  can  be  shown  experimentally  with  the 
eye  (Ref.  78)  or  by  ray  tracing  through  an  optical 
system  with  chromatic  aberration  that  a decentered 
pupil  will  cause  liglit  of  different  wavelengths  to  arrive  at 
different  locations  on  the  retina.  Other  exp' 'nations, 
which  m;’y  be  equally  valid  so  long  as  the  natural  eye 
pupil  is  being  used,  involve  the  fact  that  the  visual  and 
optical  axes  of  the  eye  differ  by  several  degrees  (Figure 
3.1'1),  and  this  may  have  a direct  impact  or  it  may  serve 
to  effectively  decenter  the  eye  pupil  (Ref,  79). 

Wlien  the  lateral  displacement  of  an  image  is  large 
enough,  it  can  be  observed  with  only  one  eye.  It  is 
easier,  however,  to  use  a binocular  viewing  situation 
where  the  displacement  is  in  opposite  directions  in  the 
two  eyes  and  is  therefore  perceived  as  a difference  in 
depth.  The  usuul  measurement  procedure  is  to  have  the 
subject  move  a vertical  bar  of  one  color  closer  or  farther 
away  until  it  appears  to  be  at  the  same  distance  a;  a bar 
of  a different  color.  Any  constant  error  is  taken  as  the 
total  lateral  displacement  due  to  color  in  the  two  eyes 
and  is  known  as  the  color  stereoscopic  effect,  or  more 
recently,  as  chromostereopsis. 


Tliere  is  considerable  variation  among  individuals  in 
chromostereopsis  while  viewing  with  the  natural  eye 
pupil,  some  reporting  that  red  is  nearer  and  others  that 
blue  is  nearer  (Ref.  80).  In  one  study,  61  subjects 
yielded  respcnse.t  that  were  approximately  normally 
diitrihuteJ  around  a mean  of  zero  chromostereopsis 
(Ref.  81).  The  direction  of  chronrostereopsis  for  a single 
individual  can  reverse  with  a large  change  in  size  of  the 
natural  pupil,  such  as  would  occur  with  a large  change  in 
scene  luminance  (Ref.  82, B).  Because  of  these  variations, 
it  is  impossible  to  predict  with  certainty  whether  red 
near  or  blue  near  responses  will  predominate  in  any 
pa'ticular  situation. 

Tlie  amount  of  chromostereopsis  when  using  the  natural 
pupil  can  be  quite  large.  In  one  study,  the  lateral 
displacement  for  a red  (650  nm)  target  relative  to  a blue 
(450  nm)  target  was  about  2 arc  minutes  for  each  of 
four  subjects  (Ref.  79, C).  Two  saw  red  nearer  and  the 
other  two  saw  blue  nearer.  Other  studies  have  reported 
much  smaller  values  (Ref.  83).  The  available  data  are  not 
adequate  to  provide  a good  estimate  of  the  distribution 
of  chromostereopsis  in  the  population. 

Chromostereopsis  can  be  especially  troublesome  in 
binocular  displays  with  small  exit  pupils,  such  as  a 
typical  microscope.  The  amount  of  image  displacement 
due  to  color  increases  rapidly  as  a small  artificial  pupil  is 
moved  away  from  the  center  of  the  eye  pupil,  as  would 
occur  if  the  interpupillary  distance  of  such  a display  was 
not  properly  adjusted.  Typical  values,  expressed  in  arc 
minutes  of  lateral  displacement  per  millimeter  of  move- 
menr  of  the  artificial  pupil  across  the  eye  pupil,  are  as 
follows; 

• 4 to  5.5  arc  minutes/mm,  for  a blue  of  450  nm  and  a 
red  of  650  nm  (Ref.  79,B) 

• 2.6  to  3.2  arc  minutes/mm,  for  a blue  of  470  nm  and 
a red  of  633  nm  (Ref.  77, B) 
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5.2.6  IMAGE  DISPLACEMENT  DUE  TO  COLOR  (CONTINUED) 


To  put  these  values  in  context,  the  th.eshold  for  the 
perception  of  depth  is  less  than  0.5  arc  minute  (Sections 
.^.7,4.4,  and  5,1.3). 

A pair  of  artificial  pupils,  either  those  in  a binocular 
microscope  or  simply  small  holes  cut  into  two  cards, 
provide  an  easy  means  of  demonstrating  chrmiiostcrcop- 
sis.  As  the  two  artificial  pupils  are  moved  closer 
together,  blue  objects  will  appear  nearer,  and  as  they  are 
separated,  red  objects  will  appear  nearer.  This  demon- 
stration works  best  for  objects  viewed  against  a dark 
background,  apparently  because  the  li'w  iigiit  level 
causes  an  increase  in  eye  pupil  size  and  allows  greater 
displacement  of  the  aitiiicial  pupils. 

If  image  displacement  due  to  color  causes  any  serious 
imagery  display  problems,  they  are  likely  to  be  in  the 
area  of  color  nretmtratum,  and  particularly  color  stereo 
mensuration.  Section  5.3.7  suggests  techniques  by  which 


the  comparator  user,  if  he  understands  the  principles 
involved,  can  avoid  such  problems. 

For  most  other  imagery  display  applications,  this 
phenomenon  should  not  contribute  more  than  an 
occasional  interesting  illusion,  which  may  be  very 
puzzling  unless  the  display  user  understands  what  is 
causing  it.  A desciiption  and  demonstration  of 
chromostereopsis  should  therefore  be  included  in  any 
color  interpretation  training.  This  training  should 
emphasize  the  proper  adjustment  of  eyepiece  interpupil- 
lary distance  as  a means  of  reducing  chromostereopsis. 

Because  chromostereopsis  will  only  be  large  when  highly 
saturated  colors  with  large  wavelength  differences  are 
involved,  it  is  unlikely  that  it  can  effectively  enhance  the 
visibility  of  colored  targets.  However,  it  is  conceivable 
that  this  could  occur  for  targets  so  small  that  the 
sensation  of  color  is  nearly  lost  (Section  5. 2.4.1), 
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SECTION  5.3  COMPARATORS 


in  Uic  I'ontoxi  of  tiiis  docuiiuMn,  a comparator  is  a 
device  that  conihines  an  imagery  display  with  a inecha- 
nisin  for  ineaRiring  distances  on  the  imagery  .icing 
displayed.  Therefore,  most  of  the  design  recommenda- 
tions for  a compaiat>)i  are  included  in  Section  3.0.  on 
optica'  imagery  displays,  or  in  Section  4.0,  on  electro- 
optical  imagery  displays.  In  addition.  Section  3,10,  on 
image  transla'ion,  includes  an  analysis  of  translation 
requirements  based  specifically  on  a comparator. 

5.3.1  UNITS 

Tlie  units  commonly  used  when  discussing  dimensions  in 
a comparator  aic  dc.icribed  in  Figure  5.3-1  below. 

It  is  unfortunately  common  in  the  literature  on  compa'- 
ator  research  for  authors  to  report  dimensions  only  in 
micrometers  and  to  neglect  to  report  the  magnification 


Tliis  section  covers  features  imiquc  to  displays  that  are 
not  included  in  Section  3 0 or  4.0  and  describes  some 
possible  exceptions  to  the  conclusions  presented  in  those 
sections.  It  is  assumed  in  much  of  the  discussion  in  tiiis 
section  that  the  comparator  is  used  only  for  measuring 
targets  that  have  already  been  located  using  a regular 
imagery  display,  thereby  eliminating  the  need  to  use  the 
comparator  for  ordinary  image  interpretation  functions 
such  as  search. 


used.  This  makes  it  impossible  to  determine  the  visual 
angle  subtended  by  the  reticle  or  by  the  object  being 
measured  and  sometimes  precludes  meaningful  compari- 
sons between  studies  or  with  data  on  visual  performance 
such  as  that  contained  in  Section  3.1 . 
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SECTION  5.3  COMPARATORS 


5.3.1  UNITS  (CONTINUED) 


Figure  5.3-1.  Relationship  of  Object  Size,  Imege  Size,  and 
Display  Magnif /ing  Power  (Ref.  1).  Dimensions  in  a com- 
parator are  usu.dly  expressed  as  linear  distance  in  micro- 
meters (fim,  formerly  called  microns).  This  figure  shows 
the  conversion  from  this  linear  distance  to  visual  angle  in 
the  displayed  image. 


In  a microscope-type  display  the  magnifying  power  for 
the  imagery  is  usually  the  magnification  engraved  on  the 
display  by  the  manufacturer  (Figure  3.6-1).  The  reticle, 
however,  is  probably  in  the  object  plane  of  the  eyepiece, 
making  the  magnification  of  the  eyepiece  the  appropriate 
value  to  use  in  this  figure. 


SECTION  5.3  COMPARATORS 

5.3.2  POINTING  PRECISION 


Tlie  term  “pointing”  refers  to  the  action  of  a compara- 
tor operator,  often  ca'Ied  a photogrammetrist.  in  align- 
ing the  comparator  reticle  with  an  edge  in  the  displayed 
image.  This  section  summari/'es  informatir  n on  the 
precisiirn  with  which  this  task  can  be  performed  with 
higli-quality  imagery  and  modern  higli-quality 
comparators. 

Two  terms  used  in  an  exact  sense  in  this  section  are 
“accuracy"  and  “precision.”  These  are  defined  as 
follows; 

• “Accuracy”  refers  to  how  closely  a measurement,  or 
the  average  value  of  several  measurements,  matches 
the  true  value.  In  order  to  assess  the  accuracy  with 


which  a particular  of/  ’-ptor  using  a particular  compar- 
ator can  measure  a dimension  on  a piece  of  imagery, 
it  is  necessary  to  know  the  true  value  of  the 
dimension. 

• “Precision”  refers  to  the  consistency  within  a set  of 
measurements.  If  several  measurements  of  a dimen- 
sion yield  the  same  value,  they  are  very  precise,  even 
thougli  they  may  contain  a large  constant  error. 

With  artificial  targets,  considerable  higlier  pointing  pre- 
cision than  reported  in  Figure  5.3-2  below  is  possible. 
For  example,  values  on  the  order  of  1 pun  and  0.02  arc 
minute  have  been  reported  (Ref.  2,C). 


Figure  5.3-2  Sources  of  Pointing  Variability.  The  pur- 
pose of  the  study  summarized  here  was  to  determine  the 
relative  contribution  of  two  sources  of  error  in  a realistic 
imagery  mensuration  situation  (Ref.  3,B).  These  were: 

• Between-operator  variability-This  was  the  variability 
among  the  average  values  obtained  by  the  different 
operators  as  they  each  measured  a single  target  dimen- 
.sion.  It  was  assumed  to  result  primarily  from  differ- 
ences in  what  each  operator  defined  as  the  edges  of  a 
target,  (continued) 


Figure  5.3-2  (continued) 

• Within-operator  variability— This  was  the  variability 
within  the  set  of  values  obtained  by  a single  operator  as 
he  repeatedly  measured  a single  target  dimension.  It 
was  assumed  to  represent  the  individual  operator's 
uncertainty  about  the  location  of  the  edge  of  the  tar- 
get, plus  any  pointing  variability  caused  by  the 
comparator. 

The  study  involved  12  operators  experienced  in  using 
comparators,  three  high-quality  comparators  and  18  linear 
target  dimensions  such  as  building  length,  aircraft  wing- 
span and  oil  tank  diameter.  The  18  targets  were  distrib- 
uted across  several  types  of  aerial  photography. 

The  data  were  analysed  as  follows: 

• Within-operator  variability,  2.5  ptm,  was  the  average  of 
the  standard  deviations  calculated  for  each  set  of  five 
measurements  made  by  a single  operator  on  a single 
target  with  a single  comparator. 

• Between-operator  variability,  1 1 (im,  was  the  average 
of  the  standard  deviations  calculated  for  the  average 
lengths  obtained  by  the  12  operators  on  a single  target 
with  a single  comparator. 

These  values  are  shown  here  in  a copy  of  Figure  5.3-1, 
along  w'th  the  range  of  magnification  used.  The  position 
of  the  lower  arrow  shows  that  the  within-operator  vari- 
ability corresponded  to  a distance  in  the  image  of  1 to  2 
arc  minutes. 

These  results  imply  that  measurement  precision,  and  pre- 
sumably accuracy  also,  can  be  increased  more  by  improv- 
ing the  ability  of  comparator  operatois  to  decide  where 
the  edges  of  a target  are  located  than  by  improving  the 
capability  of  a comparator  to  repeat  a pointing  precisely. 

The  three  different  comparators  had  little  impact  on  the 
results,  even  though  they  differed  widely  in  design.  For 
example,  two  had  opaque  reticles,  and  one  had  a luminous 
dot  reticle. 
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SECTION  5.3  COMPARATORS 


5.3.3  MAGNIFICATION 

The  topic  of  magnification  icquirements  for  displays  is 
discussed  in  Section  3.3.1. 

It  is  probable  that  just  as  excessive  magnification  of  an 
edge  decreases  the  luminance  gradient  on  the  retina  to 
tile  point  where  the  edge  is  less  visible  (see  Figures 
3.1-34  and  -36),  it  also  reduces  the  coniparator  opera- 
tor’s ability  to  determine  the  true  location  of  the  edge 
and  as  a result,  his  accuracy.  However,  the  operator  may 
not  be  awa-e  of  this  loss  in  accuracy  because  grain  and 
Oilier  irregularities  in  the  imagery  will  be  greater,  and  if 
these  help  him  to  repeat  his  pointing,  his  precision  may 
actually  increase  with  magnification,  (The  difference 
between  precision  and  accuracy  is  discussed  in  Section 
5.3.2.)  With  the  exception  of  the  studies  discussed  in 
this  section,  there  is  no  known  test  data  on  this  topic. 

The  factors  that  affect  the  choice  of  a magnification 
range  for  a comparator  are  generally  the  same  as  those 
desc'.dfaed  in  Section  3.3  for  imagery  disolays.  Tlie 
primary  exception  is  that  the  comparator  operator  has 
less  need  to  reduce  magnification  in  order  to  increase  the 
area  visible  on  the  imagery. 


There  ate  no  known  studies  in  which  operators  were 
required  to  use  specific  magnifications  in  order  to  assess 
the  effect  on  mensuration  performance.  (However,  see 
Ref.  4.) 

In  the  study  summarized  in  Figure  5.3-2,  the  magnifica- 
tion chosen  by  the  operators  ranged  generally  from  33X 
to  60X.  The  effect  of  magnification  was  not  specifically 
tested,  but  there  was  no  effect  th.at  was  sufficiently  large 
that  it  was  obvious  to  the  experimenters  as  they 
analyzed  the  data. 

In  a study  that  followed  this  one,  accuracy  of  measuring 
targets  on  high-quality  imagery  was  determined  (Ref.  5). 
Tire  operators  could  use  any  magnification  within  the 
available  range  of  10  to  150X.  About  90  percent  of  the 
measurements  were  made  using  a range  of  30  to  SOX. 
Tlie  correlation  between  the  accuracy  achieved  and  the 
magnification  used  was  only  0.08,  indicating  that  there 
■vas  no  significant  relationship. 
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SECTION  5.3  COMPARATORS 


S.3  4 FIELD  SIZE 

RECOMMENDATION: 

Provide  a minimum  comparator  image  field  size  of  30  deg'-ees,  with  a preferred  value  of  40  to  45  degrees. 


Unlike  the  image  interpreter,  the  comparator  user  has  no 
need  for  a large  display  field  to  aid  him  in  searching  an 
extended  area  on  the  imagery  or  in  placing  some  target 
object  in  context  with  its  surroundings.  Instead,  his  goal 
is  simply  to  determine  the  true  location  on  the  imagery 
of  the  edge  of  some  object  and  to  align  this  imaitery 
point  with  a reticle.  A display  field  larger  than  the 
minimum  size  necessary  to  avoid  any  unpleasant  sensa- 
tion of  tunnel  vision  may  be  of  help  to  the  operator  in 
locating  the  target  object  he  is  to  measure.  Insofar  as  is 
known,  there  are  no  data  on  the  impact  of  display  field 
size  on  the  performance  of  such  a task.  (See  Section  3.5 


for  a more  extensive  discussion  of  the  possible  impact  of 
display  field  size  and  fur  a summary  of  the  units  used  to 
describe  field  size.) 

The  best  available  recommendation  is  to  incorporate  as 
large  a field  as  possible  without  significantly  increasing 
the  cost  of  the  comparator  or  reducing  the  image 
quality.  Microscope  eyepieces  that  provide  an  image 
field  of  40  to  45  degrees  are  routin'‘ly  available;  this  size 
is  a good  choice,  thougli  there  is  no  evidence  that  it  is 
significantly  better  than  the  more  typical  microscope 
field  sizes  of  20  to  35  degrees. 


5.3.5  IMAGE  TRANSLATION 

RECOMMENDATION: 

Refer  to  Section  3.10,  and  particularly  Section  3.10.5,  for  recommendations  on  image  translation. 


The  image  translation  control  mechanism  on  a compara- 
tor must  not  limit  the  precision  with  which  the  imagery 
can  be  aligned  with  the  reiicle,  and  it  should  allow  the 
operator  to  traverse  the  entire  film  stage  in  a reasonable 
period  of  time.  Following  nn  analysis  based  on  these  two 
requirements  in  Section  3.10.5,  it  is  concluded  that  the 
most  suitable  control  for  most  comparators  is  a disp/ac- 
ement  joystick  that  controls  stage  velocity,  preferably  in 
a nonlinear  fashion  (see  Figure  3.10-14)  combined  with 
a crank/handwheel  that  controls  stage  position.  This  also 
happens  to  be  the  control  configuration  on  many 
commercially  available  comparators. 

Quantitative  requirements  for  translation  control  param- 
eters are  also  discussed  in  Section  3.10.5.  When  design- 
ing any  control  mechanism,  it  is  important  to  remember 
tliat  the  control  parameters,  such  as  the  ratio  between 


control  setting  and  stage  velocity,  can  be  as  important  as 
the  type  of  control.  (Also,  see  the  brief  discussion  of  this 
topic  in  the  introduction  to  Section  6.2.) 

Because  of  mechanical  difficulties  in  providing  the  entire 
range  of  velocities  that  should  be  provided,  comparator 
users  are  particularly  likely  to  be  dissatisfied  with  the 
maximum  velocity  available.  This  dissatisfaction  will  be 
increased  if  the  control  configuration  does  not  make  it 
obvious  when  the  maximum  control  setting  has  been 
achieved.  As  is  discussed  in  Section  3.10.4,  force 
jysticks  are  less  effective  in  providing  such  information 
to  the  operator  than  are  displacement  joysticks.  How- 
ever, force  joysticks  that  incorporate  a small  amount  of 
movement  and  thereby  provide  the  user  with  this  kind 
of  feedback  are  available  (Ref.  6). 
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SECTION  5.3  COMPARATORS 


5.3.6  BACKLASH 

RECOMMENDATION: 

Limit  backlash  to  the  minimum  amount  possible. 

Ideally,  the  device  that  converts  comparator  stage 
position  to  a numerical  value  will  have  no  backlash,  or 
free  play.  Though  some  sophisticated  optical  devices 
may  achieve  this  ideal,  mechanical  devices  cannot,  and 
comparator  operators  have  generally  learned  to  always 
approach  the  target  from  the  same  direction  when 
making  a pointing.  As  a result,  the  primary  impact  of  a 
moderate  amount  of  bac.aash  is  to  increase  operating 
time  and  to  increase  training  requirements. 


No  quantitative  data  on  the  permissible  amount  of 
backlash  are  known.  For  a manually  operated  crank-type 
translation  system,  some  of  the  considerations  included 
in  the  analysis  of  focus  controls  in  Section  3.8.2  may  be 
relevant. 
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5.3.7  COLOR 

RECOMMENDATION: 

Before  incorporating  a colored  reticle  in  a comparator,  evaluate  the  possibility  that  it  will  contribute  to 
mensuration  errors. 

Because  display  interpupillary  distance  (I PD)  adjustment  can  contribute  to  measurement  errors  associated 
with  color,  make  a special  effort  to  provide  good  !PD  adjustment  capability,  a precise  and  accurate  IPD 
scale,  and  a means  of  locking  tha  IPD  so  no  change  will  occur  during  a series  of  measurements. 


Color  can  have  one  important  effect  on  comparator 
operation.  As  is  discussed  in  Section  5.2-6,  tlie  apparent 
location  of  a colored  object  may  be  shifted  laterally 
from  its  true  location.  This  occurs  for  some  individuals 
when  they  are  using  their  natural  pupil,  and  for  most 
when  they  are  using  a small  artificial  pupil  that  is 
displaced  laterally  from  the  center  of  the  natural  pupil. 
The  cause  of  this  shift  in  location  is  apparently  the 
chromatic  aberration  of  the  eye  (Figure  3.44),  which 
results  in  shorter  wavelengths  of  light  being  refracted 
more  strongly  than  the  longer  ones,  in  combination  with 
the  difference  of  several  degrees  between  the  optical  and 
visual  axes  of  the  eye  (Figure  3.1-2). 

If  both  eyes  are  in  use  and  the  direction  of  the  shift  is  in 
opposite  directions  in  the  two  eyes,  as  is  the  usual  case, 
then  the  result  is  a lateral  disparity  between  objects  of 
different  colors  that  makes  them  appear  to  be  at 
different  distances.  The  usual  term  for  this  phenomenon 
is  chromastereopsis. 

The  amount  of  displacement  due  to  color  varies  widely 
amo.  „ individuals  and  can  be  quite  large.  Measurements 
on  four  individuals  using  natural  pupils  yielded  a 
maximum  of  1.0  arc  minute  in  each  eye  over  a spectral 
range  of  450  nm  (blue)  to  650  nm  (red)  (Ref  7). 
However,  it  is  much  larger  if  an  artificial  pupil,  either  a 
physical  aperture  or  the  exit  pupil  of  a microscope, 
causes  the  light  to  enter  the  eye  through  the  periphery 


of  the  natural  pupil.  In  this  type  of  situation,  target 
displacements  of  5 to  6 arc  minutes  per  mUlimeter  across 
the  eye  pupil  have  been  measured  (Ref.  8).  Referring  to 
Figure  5.3-1,  1 arc  minute  corresponds  to  7.3  /Jm  at  lOX 
and  0.7  pm  at  lOOX. 

In  order  to  reduce  the  chance  of  mensuration  errors,  the 
peak  of  the  spectral  distribution  of  the  liglit  from  a 
luminous  reticle  should  be  approximately  the  same  as 
for  the  ligtn  used  to  illuminate  the  imagery.  If  a 
different  reticle  color  is  used,  a check  should  be  made  to 
see  if  it  might  introduce  any  measurement  error.  To  do 
this,  the  user  simply  watches  for  any  shift  in  the  relative 
position  of  the  image  and  the  reticle  as  he  shifts  his  head 
laterally.  If  there  is  none,  there  is  no  problem. 

If  it  is  the  imagery  that  is  colored,  absence  of  relative 
motion  eliminates  any  impact  on  pointing  precision  but 
leaves  the  possibility  of  a consta  t error  when  measuring 
the  distance  between  differently  colored  objects.  That  is, 
a pair  of  objects  might  appear  to  be  farther  apart  when 
the  one  with  shorter  wavelength  is  on  the  left  than  when 
it  is  on  the  right.  This  is  also  easy  to  check  by  simply 
rotating  the  imagery  180  degrees  on  the  comparator 
stage  and  measuring  the  distance  between  the  two 
objects  a second  time. 

Additional  discussion  of  image  displacement  due  to 
color  appears  in  Section  5.2.6. 
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5.3.8  RETICLES 

RECOMMENDATION: 

Because  they  are  easier  to  locate  visually,  self-luminous  reticles  are  preferred. 

7 here  must  be  no  parallax.,  or  movement  of  the  reticle  relative  to  the  displayed  image,  as  the  operator's 
head  is  moved. 


A reticle  is  a fixed  reference  mark  that  the  comparator 
operator  aligns  with  the  edge  being  measured.  It  can  be 
located  at  any  one  of  several  different  positions  in  the 
optical  train  of  the  comparator,  but  it  must  be  at  the 
same  optical  distance  as  the  imagery  so  that  both  will  be 
seen  in  focus. 

Tlie  size  and  shape  of  an  opaque  reticle  are  necessarily  a 
compromise  between  making  the  reticle  sufficiently 
large  that  it  is  easy  to  find  and  sufficiently  small  that  it 
does  not  obscure  the  edge  of  the  target;  the  limited  data 
available  on  these  topics  are  summarized  below.  A 
luminous  reticle  is  much  more  complicated  to  build  into 
a comparator  than  an  opaque  reticle,  but  it  can  easily  be 
made  both  small  enougli  to  not  obscure  the  target  edge 
and  bright  enougli  to  be  found  easily. 

For  most  applications  involving  measurements  on 
imagery  of  a ground  scene,  the  reticle  does  not  set  the 
limit  on  pointing  precision,  and  the  designer  has  consid- 
erable latitude  in  his  selection.  For  example,  in  the  stuuy 
summarized  in  Figure  5.3-2,  there  were  no  differences  in 
pointing  precision  among  the  three  comparators,  even 
though  the  reticle  in  one  was  a luminous  dot  while  in  the 
others  it  was  a 5-/zm  opaque  dot  centered  in  an  opaque 
segmented  cross. 

Reticle  size  and  style  becomes  more  important  as 
imagery  resolution  increases,  and  it  can  be  important  for 
special  kinds  of  ‘argets.  For  example,  precision  in 
aligning  a dot  with  another  dot  is  two  to  three  times 
better  than  is  possible  when  aligning  a dot  with  an 
X-shaped  reticle  (Ref.  9,  C).  If  the  circular  target  is  high 
quality  and  only  slightly  larger  than  the  reticle-and  if 
tlie  positioning  mechanism  is  adequate-precision  of 
0.02  arc  minute  is  possible  (Ref.  10,B).  This  is  two 
orders  of  magnitude  better  than  in  the  study  described 
in  Figure  5.3-2  and  is  several  times  better  than  pr>ssible 
with  either  vernier  or  stereo  acuity. 


Tlie  available  test  data  on  the  minimum  size  of  opaque 
object  that  can  be  seen  is  not  very  helpful  in  the  design 
of  an  opaque  reticle  because  it  is  all  based  on  a 
uniformly  luminous  background.  With  such  a uniform 
background  and  relatively  high  luminance,  the  minimum 
width  for  detection  of  a line  at  least  1 degree  in  length  is 
less  than  0.1  arc  minute,  and  the  minimum  diameter  for 
detection  of  a dot  is  approximately  0.5  arc  minute 
(Ref.  11).  Hov/ever,  when  an  opaque  disc  is  viewed 
against  the  density  irregularities  in  imagery,  plus  the 
inevitable  dirt  particles,  it  can  be  very  difficult  to  find.  A 
minimum  size  for  a simple  opaque  dot  reticle  cannot  be 
established  precisely,  but  in  one  case  a 3-arc-minute 
reticle,  six  times  the  minimum  detectable  size,  was 
occasionally  difficult  to  locate  against  a photograph 
(Ref.  12).  Opaque  dot  reticles  smaller  than  this  should 
probably  be  avoided. 

A frequent  complaint  about  binocular  comparators 
incorporating  an  opaque  dot  reticle,  particularly  stereo 
comparators,  is  that  the  dot  is  difficult  to  fuse  vertically. 
Com  't  vertical  alignment  of  the  reticle  in  each  optical 
train  to  within  the  limits  in  Section  3.7.5. 1 is  essential  to 
minimize  this  problem.  In  addition,  it  is  likely  that  part 
of  the  problem  results  from  the  fact  that  the  dots  are  a 
much  weaker  stimulus  for  fusion  than  the  imagery.  As  a 
result,  no  matter  how  well  the  two  dots  are  aligned 
vertically,  if  one  member  of  the  stereo  pair  is  shifted 
vertically  relative  to  the  other,  the  operator’s  eyes  ivill 
tend  to  follow  the  imagery  and  keep  it  fused  rather  than 
the  dots. 

One  way  to  determine  if  this  is  the  cause  of  complaints 
about  reticle  alignment  is  to  observe  which  dot  is  higher 
when  they  separate.  Unless  one  is  consistently  higher, 
changing  reticle  alignment  will  not  correct  the  problem. 
Explaining  this  to  the  comparator  operator  may  help 
because  he  will  then  realize  the  importance  of  aligning 
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5.3.8  RETICLfS  (CONTINUED) 


the  imagery  carefully.  Once  he  understands  the  problem 
he  should  be  able  to  fuse  the  two  dots  simply  by  moving 
one  piece  of  imagery  vertically.  Otherwise,  it  will  be 
necessary  to  strengthen  the  reticle  as  a fusional  stimulus 
by  making  it  larger  or  by  adding  horizontal  lines.  A third 
alternative  is  to  add  noncoincident  horizontal  lines,  as  in 
the  lower  part  of  Figure  5.3-3,  in  order  to  provide  the 
user  with  a means  of  checking  vertical  alignment. 


5.3.9  WARNING  LABELS 

Because  of  their  greater  sophistication,  comparators  are 
more  susceptible  than  ordinary  displays  to  operator 
errors  that  can  cause  equipment  damage  or  an  incorrect 
output.  As  an  example,  on  most  comparators  changing 
magnification  or  f(  :us  shifts  the  position  of  the  reticle 
relative  to  the  imagery.  If  such  a change  is  made  within  a 
series  of  pointing',  an  error  will  result. 

The  need  to  provide  labels  warning  of  these  hazards 


A final  requirement  for  the  reticle  is  that  it  not  show 
any  parallax  relative  to  the  image  as  the  operator  shifts 
his  head  position  relative  to  the  comparator.  It  is  also 
desirable  that  the  reticle  not  move  relative  to  the  image 
as  focus  or  magnification  is  changed.  Few  designs 
achieve  this  goal  completely,  so  most  experienced 
comparator  users  have  learned  not  to  change  focus  or 
magnification  within  a series  of  measurements. 

Figure  5.3-3.  Addition  of  Lines  To  Make  an  Opaque  Dot 
Reticle  More  Visible.  The  reticle  most  difficult  to  locate 
is  the  simple  opaque  dot.  m dot  reticle  will  be  much  easier 
to  locate  if  it  is  at  the  intersection  of  two  lines  or  the 
center  of  a circle.  Lines  used  for  this  purpose  should  be 
at  least  0.5  arc  minute  wide  and  1 degree  long.  For 
stereo  instruments,  locating  the  lines  differently  in  the 
two  eyepieces,  as  is  shown  in  the  upper  part  of  the 
figure,  would  reduce  the  requirement  imposed  on  instru- 
ment alignment  (see  Section  3.7.5),  but  may  be  uncom- 
fortable for  some  users. 

The  arrangement  in  the  lower  part  of  the  figure  would 
offer  similar  advantages  plus  allow  the  user  to  confirm 
the  adequacy  of  his  vertical  alignment  of  the  imagery. 
Optimum  alignment  and  best  depth  perception  ability 
would  occur  when  the  lines  in  the  combined  view  were 
seen  as  exactly  aligned  Again,  the  difference  in  the 
image  to  the  two  eyes  may  cause  problems  for  some 
users.  In  general,  complicated  reticles  such  as  the 
ones  described  here  should  be  evaluated  by  the  anti- 
cipated users  prior  to  permanent  installation. 


depends  on  the  personnel  who  will  be  operating  the 
comparator.  If  it  is  operated  only  by  a small  number  of 
highly  experienced  individuals,  each  of  whom  uses  it 
often  enough  to  remain  familiar  with  it,  then  labels  of 
this  kind  are  generally  unnecessary.  On  the  other  hand, 
if  many  operators  will  be  only  occasional  users,  then 
warning  labels  should  be  provided,  even  if  they  detract 
from  the  appearance  of  the  device. 
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search  is  tlescnl'ci.1  in  Section  1.5. 

Hie  desien  I'ealures  that  nmst  be  considereil  in  a display 
to  I e iiseii  lor  search  are  essentially  the  same  as  those 
covered  in  Sections  .hi)  and  4.0.  luit  with  incte.ised 
empliasis  in  ceiiain  aieas. 

Most  imaeerv  collection  systems  ate  chaiacteri/ed  by  the 
piodiiction  ol’  a iaree  v)iiantitv  ol'  imaeery  and  searching 
this  imaeery  for  new  laruets  is  likely  to  reipnre  many 
interpreter  manhotirs.  The  lenelh  oi  the  search  task,  pins 
the  fad  that  in  many  cases  interestine  new  lareets  will 
not  occur  fterinently.  increases  the  need  to  provide  a 
display  that  will  h.elp  keep  the  interpreter  comfortable 
and  alert  after  many  hours  of  use.  One  of  the  potential 
advanlaees  claimed  for  sc  -en  and  Iaree  e-vil  pupil  aerial 
imaue  displays  over  small  exit  pupil  ('  plays,  such  as  a 
typical  microscope,  is  that  the  former,  by  eliminating 
the  need  for  the  uA'r  to  maintain  a fixed  head  pi.sition. 
are  more  eomfortable  to  use  over  an  extended  period  of 
search.  Tlie  opinions  expressed  by  some  interpreters  who 
have  used  screen  displays  for  search  imply  that  for  tb.em 
at  least,  screen  displays  are  more  comt'ortable.  but  there 
is  no  known  test  data  on  this  question. 

Topics  that  lequire  special  consideration  in  an  imagery 
display  intended  for  search  are  magnification  (Section 

5.4.1  below  and  Section  3.3.1),  techniques  for  ensuring 
that  ail  the  imagery  is  viewed  during  search  (Section 

5.4.2  below),  display  field  size  (Section  5.4  3 below  and 
Section  3.5),  and  the  organization  of  the  search  task 
(Section  5.4.4  below).  Also,  because  search  usually 
involves  looking  at  such  a large  amount  of  imagery,  a 
good  imagery  translation  system  is  even  more  important 
than  in  a display  not  intended  for  search.  The  discussion 
and  recommendations  in  Section  3.10  are  the  best 
available  on  this  topic. 

During  search,  the  eye  is  fixalctl  on  one  point  in  ihe 
image  for  a few  tenths  of  a second  and  is  then  moved 
rapidly  to  another  fixai.on  point.  The  effective  visual 
field,  at  least  for  small  details,  extends  only  a couple 
degrees  from  each  fixation  point  (Figures  3.5-10,  -11, 


and  -12).  Successive  fixation  points  may  be  clioscn  at 
random  or  according  to  a pattern  chosen  by  the 
searcher.  \ systematic  pattern  is  generally  more  success- 
lul  than  a ra'tdom  one  (Rci.  1 ). 

Ihe  searcher’s  next  fixali.m  point  is  also  inlluenced  by 
objects  seen  peripherally,  in  general,  the  more  similar  in 
shape  size,  color,  and  brightness  an  object  is  to  Ihe 
target  being  sought.  Ihe  mote  likely  it  is  to  be  fixated 
(Ref  2. A). 

Ihe  amount  of  time  expended  in  searching  a given  area 
on  the  imagery  is  increased  by  blurting  or  reducing  the 
contrast  of  the  imagery  (Ref.  3),  by  increasing  the 
number  rd'  objects  that  can  be  confused  with  targets 
(Ref.  4).  by  making  the  background  less  uniform  (Ref.  5 
and  Section  3.1.10).  and  by  allowing  the  searcher  more 
time  (Ref.  (■>).  It  IS  likely  that  many  of  these  eflcctsare 
uni(|ue  to  the  specific  task,  imagery  content,  and  target 
type. 

Searching  imagery  in  stereo  might  result  in  more  targets 
being  found  (but  see  Figures  4.3-l(>,  -17.  -18  and  Ref.  15). 
Because  more  information  is  available  to  the  inleipreter 
in  the  stereo  image,  it  is  also  possible  that  search  in 
stereo  would  be  slower.  With  a stereo  pair  tn  chip  form 
that  contains  little  distortion  due  to  oblit/iiit}’,  and  a 
display  with  a good  imagery  translation  system  that 
allows  easy  movement  iT  one  member  uf  the  stereo  pair 
relative  to  the  other,  small  areas  can  be  searched  in 
stereo  (Ref.  7;  also  see  Section  5.1).  However,  search 
over  aieas  larger  than  a few  fields-of-view  of  the  display 
will  require  a display  that  aidomatically  maintains  the 
legistration,  or  "correlation.”  of  the  two  members  of  the 
stereo  pair  during  imagery  translation.  In  the  absence  of 
such  a display,  there  is  no  way  to  determine  if  stereo  can 
make  a significant  contribution  to  search  performance. 


Because  the  techniques  used  for  search  are  so  highly 
individualized,  it  is  unlikely  that  any  single  display 
des’gn  will  be  satisfactory  for  all  interpreters.  Therefore, 
a display  intended  for  search  should  provide  as  many 
different  user  options  as  are  compatible  with  the  need  to 
keep  the  display  simple,  easy  to  operate,  and  reliable. 
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5.4.1  MAGNIFICATION 


RECOMMENDATIONS 

Provide  higher  magnification  for  close  inspection  of  target?  than  for  search.  Refer  to  Section  3.3.1  for  the 
best  available  discussion  of  specific  value... 

Allow  magnification  changes  to  be  made  rapidly  and  with  a minimum  of  effort. 

A zoom  device  tor  changing  magnification  is  preferred. 

Keep  the  same  imagery  area  centered  in  the  display  field  as  magnification  is  changed. 


IIk'  u^c^l  duniij  is  ,i  .iiinpniii’iso 

bclucs'n  l\s  ' l.iclois.  I irst.  llio  iin.pjL'  must  he  cii’jt-.w! 
emuidi  that  llie  kinds  n|  laritets  lliul  m,i\  i'o  present  ssill 
be  Mstble.  (See  Iteure  5.4-1  jnd  the  d.it.i  tn  Se^ttotis 
.’.1.4  llirmteh  .VI. 11), I Huweser.  bee.uise  the  ihspl.is 
set's  ell'eelise  sisu.tl  i'ieh.i  hu  seetne  stn.ill  delJils  is  nnl> 
less  Jeerees.  jiiJ  beeLitis.  e.ieli  I'is.ilinn  l.isls  Inr  a tinile 
peiliKl  of  time,  lower  n.  lenil'ie.ition  means  that  the 
imaeery  ean  he  seaiehed  taster. 

In  most  situations  the  interpreter  will  use  hieher 
inaenifieation  to  inspeel  objeets  in  the  iinaeers  that  are 
stispeeted  of  bein,a  tareeis  than  he  will  use  durine  seaieli. 
The  result  is  that  relatively  large  ehanges  in  maeniliea- 
tion.  by  a faetor  of  perhaps  2 to  (i  titties,  will  oeeiit 
freipietitly.  It  i.itist  be  possible  for  the  display  operator 
to  ittake  these  ehange;;  in  iitaenit‘ieation  easily  and 
rapidls'.  There  a'e  no  data  oti  the  ittaxlituntt  allowable 
time  to  cinuplete  a magnirteation  ehaitge.  but  anything 
over  2 or  .1  seconds  is  likely  to  meet  with  complaints 
from  the  user.  In  an  uitpublished  evaluation  ot  a 
prototype  display,  a duration  of  If)  seconds  wtis  judged 
much  '.00  long  by  most  ntterpreters  who  ttsed  the 
display  for  search. 

Changing  magnification  with  a /oom  system,  rather  than 
in  discrete  steps,  is  preferable  for  two  reasoits.  First,  it 


allovvs  infinite  control  of  the  magnification,  eliminating 
the  possibility  tlial  the  interpreter  niiglit  need  a magnifi- 
cation value  midway  between  two  of  tlie  discrete  steps. 
Sei.oiui.  it  allows  the  ii.tetpreter  to  contin  le  viewing  the 
ol’iecl  iS  the  magi’.ili..atioi,  is  changing,  and  tliis  saves  a 
small  amount  of  time  and  a potential  source  of 
confusion.  I he  available  lest  data  are  not  adequate  to 
determine  whether  any  of  iIicjC  advantages  justifies  the 
usually  greater  cost  of  a zoom  system.  In  the  one  known 
e\pori:iienl  which  compared  search  performance  using 
the  two  techniques  for  changing  magnification,  'here 
was  no  signitlcanl  advantage  to  either  (Kef.  8.C;  also  see 
discussion  of  this  study  in  Section  3.3.1 ).  However, 
bcvause  most  interpreters  are  accustomed  to  the  conven- 
ience of  a zoom  system,  it  should  not  be  replaced  by  a 
discrete  system  without  strong  justification. 

It  is  essential  that  changes  in  magnification  not  displace 
an  object  in  the  center  of  the  display  field  significantly 
from  its  location.  1 his  should  not  be  much  of  a problem 
except  in  complex  displays  wliere  different  optical 
systems  provide  the  di't'erent  magnifications.  \n  exam- 
ple would  be  a display  in  w'nich  a rear  projection  screen 
is  used  at  low  magnification  for  search,  and  a micioscope 
is  used  for  inspecting  susptet  targets  at  high 
magnification. 
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Figure  5.4-1.  Effect  of  Target  Size  on  Search.  In  this 
study,  subjects  si;arched  for  1 of  24  target  forms  of  the 
type  illustrated,  in  a scene  made  up  of  184  similar  high- 
contrast  forms  viev.ed  against  a dark  background  (Rtl. 
9,0.  In  each  case,  the  target  form  being  sought  was 
shown  in  correct  orientation  above  the  display  area,  which 
had  a diameter  of  4.C  to  18.6  degrees.  The  forms  were 
viewed  with  various  amounts  of  defocus,  so  that  under 
worst  case  conditions  a single  square  cell  looked  much  like 
a circle. 

The  subjects  were  under  considerable  pressure  to  perform 
both  rapidly  and  accurately.  Referring  to  the  middle  part 
of  the  figure,  pertoimance  reached  a maximum  when  the 
square  cells  making  up  the  forms  reached  a size  of  2.9  arc 
minutes.  For  the  bottom  graph,  the  results  from  the  four 
display  sizes  were  pooled  and  then  segregated  according  to 
the  distance  across  the  largest  dimension  of  the  target.  In 
this  situation,  performance  reached  a maximum  with  a 
target  of  size  of  1 2 to  20  arc  minutes. 

Normally,  the  orientation  of  the  target  form  matched  the 
copy  of  the  target  displayed  just  above  the  search  area.  In 
a second  study,  when  the  two  orientations  did  not  match, 
search  time  doubled  and  the  number  of  errors  increased 
by  a factor  of  6.  It  is  unlikeiy  that  such  a large  increase 
would  appear  with  a well  known  target,  such  as  an  aircraft 
or  a ground  vehicle. 
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5.4.2  TECHNIQUES  FOR  ENSURING  COMPLETE  SEARCH 
RECOMMENDATION 

Provide  an  optional,  easily  reivovable  rectangular  reticle  as  an  to  achieving  a uniforn’  search  pattern  in 
a display  with  a circular  field. 

Provide  an  automatic  method  of  keeping  track  of  what  part  of  a frame  has  been  searched  and  of 
automatically  moving  the  imagery  past  the  display  field,  if  these  can  bo  p’-ovirled  economically  and  if  they 
meet  all  the  requirements  described  in  this  section. 


In  most  inwgory  simiHi  situations,  it  is  ilcsirahlo  to 
onsuro  th.it  the  intorpreter  actually  looks  at  all  ol  the 
imaitory.  There  are  two  aspects  to  this  prohlem: 

• Does  the  interpreter  actually  look  at  each  point  on 
the  imaitety  that  passes  throuuh  the  display  ricld',’ 

• Does  all  of  the  imaitcry  pass  throueh  the  display 
field? 

The  eye  movement  pattern  used  during  search  has  a 
major  elfect  on  how  much  area  is  overlooked.  A random 
pattern  is  likely  to  result  in  large  areas  being  missed  and 
in  some  areas  heing  looked  at  many  times  (Kef.  I).  A 
search  pattern  based  on  regular  eye  movements  will 
result  in  more  complete  coverage.  Typical  patterns  are 
up  and  down,  left  and  right,  and  a spiial. 

Although  training  can  help  ensure  a regular  eye  move- 
ment pattern  during  search,  a more  certain  approach  is 
to  incorporat'’  some  device  into  the  display  diat  essen- 
tially forces  the  user  to  follow  the  desired  pattern.  As 
Figure  5.4-2  illustrates,  the  use  of  a small  aperture, 
subtending  only  a few  degrees,  as  a guide  to  ensure  that 
the  searcher  looks  at  each  area  in  the  display  image  field 
docs  not  appear  useful. 

A spiral  pattern  is  efficient  for  a static  display  (Ref.  10). 
but  for  searching  moving  imagery,  eye  movements  along 
straight  lines  perpendicular  to  the  direction  of  image 
motion  are  more  appropriate.  If  the  display  has  a 
circular  field,  the  user  may  find  it  difficidt  to  follow 
such  a pattern  consistently.  One  solution  is  to  add  an 
aperture  that  makes  the  field  rectangular,  thereby 
providing  the  user  with  a guide  for  directing  his  eye 
movements.  The  insertion  of  a rectangidar  aperture  into 
a display  with  a circular  field  would  of  course  cause  a 


consideralilc  mduction  in  the  imagery  area  visible. 
Whether  this  leductiim  is  compensated  by  an  improve- 
ment in  search  performance  has  not  been  tc'-ted. 

I he  reduction  in  display  field  with  an  aperture  can  he 
avoided  by  use  of  a rectangidar  reticle  pattern.  Again, 
ih.ete  IS  no  known  test  data  to  indicate  that  this  svill 
actually  result  in  improved  search.  In  the  absence  ol 
such  data,  it  is  a desirable  option  for  those  search 
displays  A-here  it  can  be  provided  ine.spensively. 

When  a frame  of  imagery  is  large,  relative  to  the  imagery 
area  covered  by  a single  display  IT'ld  of  view,  it  may  be 
difficult  for  the  interpreter  to  k ep  track  of  which 
portions  of  the  frame  have  been  searched  and  which 
have  not.  1'  is  common  to  start  from  me  edge  and  work 
down,  or  across,  the  frame.  However  M' the  interpreter 
must  break  this  pattern  to  inspect  a s-  pect  target  or  to 
follow  a road  or  trail,  he  may  lose  track  of  where  he  was. 
One  approach  is  to  reduce  the  chance  of  confusion  by 
using  a grease  pencil  or  marking  pen  to  divide  the  frame 
into  segments  and  to  mark  each  as  it  is  searched. 

A more  sopliislicalcil.  and  expens've.  approach  is  to  add 
a device  to  the  display  that  autom  itically  keeps  track  of 
which  parts  of  the  frame  have  ap  eared  in  the  display 
field  and  which  have  not.  To  be  efuclive,  such  a device 
must  be  easy  to  operate,  it  must  not  slow  search  activity, 
it  must  be  reliable,  and  it  must  not  impose  unreasonable 
demands  on  the  search  procedure  used  by  the  display 
operator.  There  is  no  test  data  available  to  indicate 
whether  such  a device  will  make  a significant  contribu- 
tion to  search  performaiice. 

An  extension  of  the  concept  described  in  llie  previrnis 
parag.  iph  is  to  make  the  device  automatically  move  the 
imagery  across  tlie  display  field.  This  is  sometimes 


SECTION  5.4  SEARCH 


5.4.2  TECHNIQUE;?  POR  ENSURING  COMPLETE  SEARCH  (CONTINUED) 


Icnown  as  "automatic  scanning,"  or  "autoscan.”  The 
requirements  iniposea  on  an  autoscan  device  include  all 
those  imposed  on  a c evice  that  just  kt  is  track  of  the 
area  searched,  plus  the  velocity,  and  the  overlap  between 


consecutive  paths  across  the  frame,  must  be  adjustable 
by  the  operator.  In  addition,  it  must  be  easy  to  override 
the  automatic  device  in  order  to  search  manually,  and  to 
then  return  to  the  point  on  tite  imagery  wne'-e  automatic 
search  stopped. 


Figure  5.4-2.  Automatic  Control  of  Eye  Position  During 
Search.  In  the  study  illustrated  here,  experienced  subjects 
searched  a 27-degree-square  aerial  map  display  foi  Landolt 
ring  targets  (Ref.  11,D).  In  free  search,  subjects  could  use 
any  search  pattern  they  preferred.  In  the  forced  search 
condition,  a different  set  of  subjects  searched  a different 
set  of  aerial  maps,  using  a 3-degree  Circular  ring  of  light  as 
a guide  in  directing  their  eyes.  The  ring  moved  across  the 
display  field  in  successively  lower  tows,  jumping  ahead  or 
down  2.5  degrees  each  second. 

The  results,  as  plotted  here  from  the  authors'  summary 
table,  do  not  provide  good  evidence  for  any  benefit  from 
forced  search. 

(The  data  shown  here  also  appear  in  Figures  3.1-44  and 
-45.) 
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SECTION  5.4  SEARCH 

5.4.3  DISPLAY  FIELD  SIZE 
RECOMMENDATION 

Provide  a display  field  with  a diameter  of  at  least  36  degrees,  with  a preferred  minimum  of  45  to  55 
degrees;  do  not  e>  eed  a diameter  of  60  degrees. 


The  very  limited  data  available  on  image  field  si/e  and 
search  performance  are  summari/ed  below.  The  first 
ligure  suggests  that  the  image-field  diameter  should  be  at 


DISi*l.  AY  FIELD  SIZE  (diameter  in  degrees) 


least  9 degrees  and  ihe  second  suggests  that  it  should  be 
at  least  34  degrees  but  probably  need  not  be  more  than 
54  degrees. 


Figure  5.4-3.  Visual  Search  Behavior  with  Small  Display 
Fields.  With  extrtn.ely  small  fields,  visual  search  effici- 
ency may  suffer  because  of  time  lost  while  looking  out- 
side the  display  area.  In  the  experiment  illustrated,  this 
effect  occurred  with  fields  smaller  than  9 degrees  (Ref. 
12,B). 


Figure  5.4-4.  Field  Size  and  Search  Performance.  A high 
quality  experimental  microstcreoscope  with  a 72-degree 
image  field  was  used  to  measure  the  impact  of  field  size 
on  search  performance  (Ref.  13,C).  Sixteen  interpreters 
searched  for  a ranee  of  different  sized  targets,  such  as 
electronic  sites,  transformer  substations,  active  construc- 
tion sites,  missile  sites,  and  air  fields  on  small-scale,  high- 
resolution  imagery.  The  imagery  was  not  in  stereo,  so  two 
copies  were  made  and  mounted  hr  registry  on  the  two  film 
stages  in  order  to  provide  a binocular  moncscopic  viewing 
situation. 

As  the  graph  illustrates,  there  was  a large  increase  in  target 
detect'  an  success,  from  27.6  to  42.8  percent,  as  the  field 
was  enlarged  from  1 8 degrees  to  36  degrees.  This  change 
was  statistically  significant  at  P <.01.  With  a further 
enlargement  of  the  field  to  54  degrees,  performance 
increased  to  44.2  percent,  a change  that  was  too  small  to 
be  statistically  significant. 

The  interpreters  who  served  as  test  subjects  in  this  experi- 
ment were  accustomed  to  a microscope  with  an  image 
field  of  approximately  45  degrees.  It  is  possible  that  this 
experience  prevented  their  taking  full  advantage  of  the 
larger  fields  used  in  the  test. 

The  display  used  in  this  experiment  incorporated  an  excel- 
lent manual  imagery  translation  system,  at  least  for  the 
purposes  of  the  test.  Absence  of  an  adequate  imagery 
translation  capability  would  probably  make  a large  image 
field  more  important. 
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SECTION  5.4  SEARCH 


5.4.4  ORGANIZATION  OF  THE  SEARCH  OPERATION 


W'cn  typiful  imagery  ol'  a grmiikl  scene  is  being 
searched,  the  rale  of  reporting  objects  that  are  targets 
does  not  change  over  time  itt  tlie  same  matiner  as  the 
rate  of  reporting  false  objects,  or  oitjects  that  are  not 
actually  targets.  As  Figure  5.4-.'  shows.  t!ie  rate  of 
detecting  new  targets  is  highest  shortly  after  starting  to 
search  a particular  imagery  area  and  this  rate  decreases 
with  time.  The  rate  of  reporting  false  targets  typically 
snows  a reverse  trend,  increasing  with  time.  This  has  led 
tr)  s'udies  showing  that,  for  a given  number  of  search 
manhours  on  a particular  imagery  area,  more  correct 


targets  and  fewer  false  targets  will  be  reported  if  several 
imerpreters  search  the  imagery  and  pool  their  results 
(Ref.  14,C)-  It  has  not  been  determined  whether  the 
improvement  justifies  the  increased  administrative  bur- 
den involved  in  distributing  the  imagery  to  additional 
interpreters  and  in  combining  their  reports.  Also,  it  is 
not  certain  that  these  results  would  still  occur  in  work 
situations  where  a single  interpreter  becomes  familiar 
with  a specific  ground  area  through  viewing  it  in 
successive  coverage. 


0 to  30 


SEARCH  TIME  tmii'.uiw’ 


SEARCH  TIME  (minutes) 


Figure  5.4-5.  Relative  Response  Rates.  When  searching 
for  targets  in  aerial  imagery,  success  in  reporting  targets  is 
greatest  in  the  early  parts  of  the  test  session.  As  search 
continues,  the  rate  of  correct  target  reports  drops  off  but 
the  rate  of  reports  for  objects  that  are  not  targets,  some- 
times called  inventive  errors,  or  errors  of  commission, 
remains  relatively  constant. 

Both  sets  of  data  shown  here  are  based  on  the  perform- 
ance of  'maqe  interpreters  searching  for  realistic  targets 
in  tests  made  up  of  aeri.al  photograph*.  To  simplify 
summarizing  and  comparing  the  data,  it  has  been  normal- 
ized so  that  the  total  number  of  correct  targets  reported 
equals  1.  This  does  not  imply  that  all  the  targets  were 
found.  In  any  but  the  simplest  search  situation,  there  are 
always  a few,  and  sometimes  a large  proportion  of  the 
targets,  that  are  missed. 

The  reversal  in  relative  proportion  of  correct  targets  and 
inventive  errors  between  these  two  studies  is  an  excellent 
example  of  how  heavily  the  results  of  such  studies  depend 
on  specific  aspects  of  the  test  situation  such  as  target 
type,  imagery  content,  experience  of  the  subjects,  and 
instructions  to  the  subjects. 
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6.1  WORKSTATION 

6.2  CONTROLS 

6.3  CONTROL/DISPLAY 

6.4  SECONDARY  DISPLAYS 
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SECTION  6.0  V/ORKSTATION  DESIGN 


Many  of  the  human  engineering  factors  that  should  be 
considered  in  the  design  of  an  imagery  display  are  not 
unique  to  imagery  displays,  but  instead  apply  to  any 
work  situation.  Among  the  factors  in  this  category  that 


are  considered  here  aie  the  physical  configuration  of  the 
workstation,  the  selection  and  use  of  controls  end 
secondary  displays,  the  effects  of  acoustical  noise, 
safety,  and  maintainability. 
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6.1  WORKSTATION  CONFIGURATION 


6.1.1  Anthropometric  Data 

6.1.2  Fixed  Eyepoint  Workstation  Dimensions 

6.1.3  Eyepiece  Elevation  Angle 

6.1.4  Visual  Work  Area 

6.1.5  Manual  Work  Area 
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Console  Dimensions 


SECTION  6.1  WORKSTATION  CONFIGURATION 


Tliis  section  provides  data  and  design  recommendations 
on  workstation  sue  and  shape.  While  these  data  can  be 
very  helpful,  they  do  not  eliminate  'he  need  for  a 
mockup  in  order  to  adequately  evaluate  a workstation 
design. 

6.1.1  ANTHROPOMETRIC  DATA 

Proper  layout  of  a workstation  reipiires  the  designer  to 
consider  the  population  that  will  he  using  it  and  which 
physical  body  dimensions  of  that  population  are  relevant 
to  the  design.  This  section  presents  aniiuopometric  data 
of  special  importance  to  the  design  of  a workstation 
involving  a relatively  fixed  eye  position.  It  represents 
only  a small  portion  of  the  published  data  (Ref.  1). 

Use  of  tliis  type  of  data  in  design  situations  is  compli- 
cated by  the  fact  that  the  correlation  between  many 
body  dimensions  is  very  low  (Ref.  2,B).  As  an  example, 
a very  short  person  may  have  very  tliick  thighs.  When 
possible,  therefore,  the  design  should  allow  for  the 
population  extremes  in  each  of  the  body  dimensions 
involved. 

Workstations  must  accommodate  an  adequate  range  of 
operator  body  sizes.  It  is  usual  to  design  for  5th  through 


Special  attention  is  paid  in  Sec*‘  . '.1.2  to  h.iage 
interpretation  workstations  *'■  , -quire  the  user  to  keep 
his  eyes  positioned  in  itively  small  area  in  front  of 
the  eyepiece. 


9Sth  percentile  personnel,  thougli  other  limits  can  be 
used.  Section  6.1.1  includes  1st,  5th,  50th,  95th,  and 
99th  percentile  values  for  the  body  dimensions  of  most 
importance  in  display  design.  Data  on  other  body 
dimensions  are  summarized  in  several  sources  (Ref.  1). 

Whether  the  large  or  'mall  size  limit  for  a particular 
body  dimension  is  th  ilevant  value  depends  on  the 
application.  Workstaiio..  dimensions  such  as  clearances 
must  be  sized  for  the  largest  anticipated  operator.  Other 
dimensions,  such  as  reach  distance  to  controls,  and  the 
separation  between  the  seat  and  a fixed  eye  position, 
must  be  sized  fo.  the  smallest  anticipa'ed  operator. 
Because  of  the  very  low  correlation  between  many  body 
dimensions  (Ref.  2),  it  will  often  be  necessary  to  allow 
for  a minimum  value  of  cne  dimension  and  a maximum 
value  of  another  in  the  sa  ne  design.  The  result  of  such  a 
requirement  can  be  seen  in  Section  6.1.2. 


Figure  6.1-1.  Reference  Point  for  Seated  Operator 
Dimensions.  Anthropometric  dimensions  for  a seated 
operator  are  usually  measured  relative  to  the  inter- 
section of  the  seat  bottom  surface  and  backrest.  This 
location  is  known  as  the  sect  reference  point  (SRP). 
Since  a rigid,  flat  seat  surface  is  normally  used,  mea- 
surements on  any  chair  for  a workstation  should  be 
made  relative  to  the  seat  surface  when  compressed  by 
the  weight  of  the  operator. 
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SECTIO.x  u.  I WORKSTATION  CONFIGURATION 

6.1.1  ANTHROPOMETRIC  DATA  (CONTINUED) 


Oimension 


1 Standing  Eye  P 


3 Seated  Eye  ^ 


3 Elbow  Rest 
Height 


4 Thigh  Clearance 
Height 


5 Knee  Height 


6 Popliteal  Height 


7 Buttock-Heel 
Length 
(Diagonal) 


Group 

Original 
Source 
(Ref.  3.B) 

Percentile 

1 

5 

50 

95 

99 

Male 

nn 

AF  Flight  Personnel 

148.3 

152.4 

162.3 

172.2 

1'’6.5 

Female 

AF  Nurses 

3 

135.6 

139.2 

148.1 

168.2 

162.8 

(Estimated  Values) 

Male 

AF  Flight  Personnel 

1 

68.3 

70.9 

75.9 

81.0 

83.3 

Aviators 

- 

69  6 

82.0 

- 

Ground  Troops 

- 

68.6 

- 

80.5 

- 

Female 

AF  Nurses 

3 

64.0 

66  5 

71  6 

76.2 

79.0 

Unspecified 
Military  Personnel 

2 

- 

66.0 

- 

75.9 

- 

Male 

mm 

AF  Flight  Personnel 

1 

16.8 

lEy 

23.1 

27.4 

29.2 

Aviators 

2 

- 

mm 

- 

29.5 

- 

Ground  Troops 

2 

“ 

17.5 

- 

27.9 

Female 

■■■ 

Civilian  (Age  25-34) 

D 

15.5 

18.8 

23.6 

28.2 

30.2 

Male 

AF  Flight  Personnel 

11.4 

12,2 

14.2 

16.5 

17.3 

Aviators 

U 

- 

12.4 

- 

18.8 

- 

Femal^ 

Civilian  (Age  25-34) 

■1 

10.2 

10.7 

13.7 

17.5 

19.6 

Male 

AF  Flight  Personnel 

n 

49.5 

51.1 

55.1 

59.2 

61,0 

Aviators 

- 

49.0 

- 

59.9 

- 

Ground  Troops 

H 

49.8 

- 

58.7 

- 

Female 
AF  Nurses 

3 

45.0 

46.0 

49.5 

52.8 

54.6 

Unspecified 
Military  Personnel 

2 

- 

43.7 

** 

51.6 

- 

Male 

AF  Flight  Personnel 

m 

38.3 

39.9 

43.2 

46.2 

47,8 

Aviators 

- 

38.4 

- 

47.8 

- 

Grourtd  Troops 

H 

- 

40.6 

- 

50.0 

- 

Female 

Civilians  (Age  25-34) 

n 

33.5 

35.8 

40.1 

44.4 

46.2 

Male  Aviators 

2 

■ 

263.9 

■ 

305.6 

■ 

f 


ALL  OF  THESE  DATA  ARE  BASED  ON  NUDE  BODY 
MEASUREMENTS  AND  SHOULD  Be  CORRECTED  AS 
REQUIRED  FOR  CLOTHING  MEASUREMENTS, 
PARTICULARLY  FOR  SHOE  HEIGHT 

^ERECT  DIMENSION  IS  APPROXIMATELY  2.0  cm 
GREATER 

'erect  DIMENSION  IS  APPROXIMATELY  4.1  cm 
GREATER 


Figure  6.1-2.  Selected  Body  Dimensions  in  Centimeters 
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SECTION  6.1  WORKSTATION  CONFIGURATION 


6.1.1  ANTHROPOMETRIC  DATA  (CONTINUED) 


Dimension* 


1 Standing  Eye^  Male 

Height,  Relaxed  AF  Flight  Personnel 

Female 
AF  Nurses 
(Estirrwated  Values) 


7 Seated  Eye^  Male 

Height,  Relaxed  AF  Flight  Personnel 
Aviators 
Ground  Troops 

Female 
AF  Nurses 
Unspecified 
Military  Personnel 


3 Elbow  Rest 
Height 


Male 

AF  Flight  Personnel 
Aviators 
Ground  Troops 


Female 


Civilian  (Age  25  34) 


4 Thi^  Clearartce  Male 


S Knee  Height 


AF  Flight  Personnel 
Aviators 


Female 

Civilian  (Age  25-34) 


Male 

AF  Flight  Personnel 
Aviators 
Ground  Troops 


Female 


AF  Nurses 
Unspecified 
Military  Personnel 


6 Popliteal  Height  Male 

AF  Flight  Personnel 
Aviators 
Groursd  Troops 


Female 

Civilians  (Age  25-34) 


7 Buttock-Heel 
Length 
(Diagonal) 


58.4  60.0  63.9 


53.4  54.8 


26.9  27.8  29.9 

27.4  I - 
27.0 


25.2  262  28.2 


19.5  20.1  21.7 

19.3 
19.6 


18.1  19.5 


15.3  15.7  17.0 

15.1 
16.0 


13.2  14.1 


ALL  OF  THESE  DATA  AFIE  BASED  ON  NUDE  BODY 
MEASUREMENTS  AND  SHOULD  tE  CORRECTED  AS 
REDUIRED  FOR  CLOTHING  MEASUREMENTS. 
PARTICULARLY  FOR  SHOE  HEIGHT 

*’ERECT  DIMENSION  IS  APPROXIMATELY  0.8  IN 
GREATER 

'erect  DIMENSION  IS  APPROXIMATELY  1 .6  ‘N 
GREATER 


Figure  6.1-3.  Selected  Body  Dimensions  in  Inches 
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SECTION  6.1  WORKSTATION  CONFIGURATION 


6.1.2  FIXED  EYEPOINT  WORKSTATION  DIMENSIONS 


Tliis  sectiuri  provides  recommendations  for  dimensions  typical  e.xample  is  the  common  small-exit  pupil  micro- 
in a display  where  the  operator’s  eyepoint  is  fixed,  A scope  mounted  on  a light  table. 

Figure  6.1-4.  Critical  Dimensions  for  Fixed  Eyepoint 
Displays.  Dimensions  particularly  important  in  fixed  eye- 
point  displays  are  illustrated  here. 

The  value  for  eye  height  (Dimension  1)  is  a maximum  for 
a nonadjustable  eyepiece,  since  it  is  easier  for  a tall  opera- 
tor to  slump  an  extra  few  inches  than  for  a short  operator 
to  stretch  to  reach  an  eyepiece  that  is  too  high.  It  is  based 
on  a horizontal  eyepiece  angle  and  must  be  reduced  down- 
ward if  the  eyepieces  are  tilted  (Figure  6.1  -51.  Because  of 
the  variation  in  eye  height  (Dimension  2 in  Figures  6.1-2 
and  -3),  adjustment  of  eye  height  should  be  possible.  Some 
of  this  adjustment  can  be  achieved  by  varying  eyepiece  ele- 
vation angle  (Figure  6.1-5). 

Dimenjion  2 is  the  displacement  of  the  eyepoint  beyond 
the  first  obstruction  that  limits  forward  movement  of  the 
operator's  body,  ui'ially  the  edge  of  a light  table  or  desk. 
There  is  little  relevant  data  but  if  the  5 cm  (2-in)  value  is 
not  exceeded  there  should  be  no  problems.  Larger  values 
are  feasible,  but  at  some  point  they  will  cause  the  opera- 
tor's eye  height  (Dimension  1)  to  drop  as  his  trunk  bends 
around  the  obstruction.  Specific  values  are  not  available 
and  must  be  determined  by  use  of  a mockup  if  the  situation 
is  marginal.  Also,  see  Figure  6.1-5. 

The  allowance  for  thigh  cleat ance  (Dimension  3)  must  be 
at  least  18  cm  (7  in),  since  thigh  thickness  is  essentially 
uncorrelated  with  eye  height  (Ref.  2,B).  In  other  words, 
short  people  may  have  large  thighs.  Increasing  this  value 
to  28  cm  (11  in)  increases  freedom  to  position  legs. 

A footrest  (Dimension  4)  allows  the  thigh  to  be  raised 
slightly  off  the  seat,  thereby  maintaining  circulation  and 
reducing  discomfort.  To  accommodate  the  necessary 
range  of  body  sizes,  either  the  chair  or  the  footrest 
should  be  adjustable  over  the  range  indicated.  The  ad- 
justment must  be  simple  to  perform,  A footrest  deep 
enough  to  allow  fore  and  aft  movement  of  the  legs  is  pre- 
ferred over  a simple  railing. 

Although  it  is  not  included  in  the  figure,  adequate  space 
for  the  user  to  stretch  his  legs  (Dimension  7 in  Figure 
6.1-2)  is  highly  recommended.  Also,  see  the  discussion  of 
chairs  in  Section  7.2. 

One  aspect  of  viewing  device  use  not  illustrated  in  this 
figure  is  the  tendency  of  m.ost  users  to  place  their  lowtrr 
arms  on  the  light  table,  writing  surface  and  to  use  it  to 
carry  oart  of  the  weight  of  their  upper  body.  Good  data 
on  the  best  height  are  not  available,  but  fo<  some  apolica- 
tions  the  20  to  25  cm  (8  to  10  in)  armrest  height  recom- 
mended in  Figure  7.2-3  may  provide  useful  guidance.  A 
surface  used  for  an  elbow  or  armrest  t an  be  considerably 
higher  than  this  so  long  as  it  extends  out  beyond  the  sides 
of  the  operator. 
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CLEARANCE 

3 
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FOOTREST 
DISTANCE  , 
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KNEE 

clearance 
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Dimension 


Recommended 

Value(s) 


Comments 


i 1 Eye  Height 
for 

Horizontal 
Eyepiece 


Maximum  is 
66.5  cm  (26.2  in) 
5%  Female  of 
69.8  cm  (27.5  in) 
5%  Male 


Reduce  Maximum 
Height  to  Acjount 
for  Eyepiece  Tilt 
(Section  6.1.3) 
and  if  Eyepoint 
Move*  More  than  5 cm 
(2  i»')  Beyond  Edge  of 
Table 


Horizontal 

Eyepoint 

Position 


See  Text 


Thigh 

Clearance 


1 7.8  cm  (7  in) 


28  cm  (1 1 in)  to 
cross  )(nees 


Footrest 

Distance 


Adjustable  from 
38  erp  (15  in)  for 
5%  Female  to 
53  cm  (21  in)  for 
95%  Male 


2.5  cm  (1  in)  Added 
for  Shoes-Modern 
Shoe  Svties  May 
Require  a Greater 
Correction 


6 Knee 
Clearance 


63.5  cm  (25  in) 
Minimum  for 
99%  Male 


2.5  cm  (1  in)  Added 
for  Shoas-Modern 
Shoe  Styles  May 
Require  a Greater 
Correction 
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SECTION  6.1  WORKSTATION  CONFIGURATION 

6.1,3  EYEPIECE  ELEVATION  ANGLE 


A wide  range  of  eyepiece  elevation  angles  is  in  use.  Some 
displays,  particularly  many  older  comparators,  use  hori- 
zontal eyepieces.  The  popular  Bausch  and  larmb  Zoom 
70  and  Zoom  240  inicrostcreoscopes  have  eyepiece 
elevations  approximately  60®  above  horizontal. 

The  available  data  allow  setting  only  very  broad  limits 
on  eyepiece  elevation  angle.  Elevation  angle  affects 
workstation  design  in  two  ways.  First,  as  the  next  figure 
illustrates,  it  affects  the  permissibi.  eyepoini  location 
envelope. 

In  addition,  eyepiece  elevation  angle  can  have  an  impact 
on  the  physical  comfort  of  the  display  user.  If  the 


eyepieces  are  near  horizontal,  the  user’s  weight  is  thrown 
back  toward  the  rear  of  his  chair  and  onto  ihe  chair 
backrest  (see  Section  7.3).  If  these  are  inadequate,  e.g., 
if  he  is  using  an  executive  style  chair  with  armrests  that 
prevent  moving  th.;  'otekrest  close  enough  to  the  display, 
he  will  be  unable  to  relax  his  trunk  muscles  while 
looking  into  the  display  and  may  therefore  suffer 
fatigue.  As  the  eyepiece  angle  raises  above  horizontal  the 
user’s  head  will  drop  forward,  shifting  his  weiglit 
forward  onto  the  front  edge  of  his  chair  and  onto  his 
arms  if  an  armrest  such  as  the  surface  of  a liglit  table  is 
available.  Again,  if  the  support  surfaces  are  inadequate, 
the  result  may  be  excessive  muscle  tension  and  fatigue. 


HORIZONTAL  DISPLACEMENT  (Inchei) 
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HORIZONTAL  DISPLACEMENT  (cm  forward) 
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65 

6 

6 

1060 

65 

Figure  6.1-5.  Eyepoint  Displacement  as  Line  of  Sight 
Drops.  The  e',cpoint  location  shown  in  the  previous 
figure  is  for  a horizontal  line  of  sight.  As  the  line  of 
sight  drops  below  horizontal,  neck  rotation  moves  the 
eyes  dov  n and  forward  by  the  amount  illustrated  (Ref. 
4,C).  When  designing  for  an  eyepiece  angle  above  hori- 
zontal, this  figure  should  be  used  to  determine  the  appro- 
pri.ate  reduction  in  Dimension  1,  and  increase  in  Dimen- 
sion 2,  that  is  appropriate  in  Figure  6.1-4. 


Figure  6.1-6.  Eyepiece  Elevation  Angle  Comfort  Limits. 
Eyapiece  elevation  angle  comfort  limits  wire  established 
for  six  image  interpreters  as  they  used  a mockup  of  a 
binocular  display  that  allowed  free  adjustment  of  both 
vertical  position  and  elevation  angle  (Ref.  5,D).  the  data 
suggest  that  while  an  elevation  angle  of  10  to  60®  will  be 
generally  acceptable,  a value  between  20  and  55®  is  a safer 
design  choice. 
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SECTION  6.1  WORKSTATION  CONFIGURATION 


6.1.3  EYEPIECE  ELEVATION  ANGLE  (CONTINUED) 


•THE  25”  ELEVATION  MADE  THE  TABLE  TOO  HIGH  TO  SERVE  AS  A CONVENIENT  ARMREST, 
NOTE  THAT  THESE  TWO  SUBJECTS  HAD  SMA».L  THIGHS  AND  THEREFORE  COULD  REACH 
THE  EYEPOINT  FOR  THE  60°  ELEVATION. 


Figure  6.1-7.  Preferences  for  60°  vs.  25°  Eyepiece  Eleva- 
tion Angles.  Several  of  the  factors  discusied  above  are 
illustrated  by  a study  conducted  to  compare  two  eyepiece 
elevation  angles  for  use  on  one  particular  Tiicroscope/light 
table  combination  (Ref.  6,C).  Th.a  upper  part  shows  the 
two  viewing  situations.  Reducing  eyepiece  elevation  angle 
from  60  to  25°  reduced  the  microscope  sypoint  to  thigh 
distance  by  over  3 cm.  Figure  6.1-5  shows  that  it  also 
raised  the  permissible  operator's  eye  position  above  the 
SRP  by  an  additional  4 cm.  Thus  tfie  eyepoini  is 
effectively  7 cm  further  above  the  seat  for  the  60°  display 
than  for  the  25°  display.  (This  is  a good  example  of  how 
the  equipment  design  and  the  operator's  physical  charac- 


teristics can  interact  and  illustrate'  the  desirability  of 
using  a mockup  to  evaluate  complex  designs.) 

These  diffei  cnees  are  reflected  in  the  user  preference  data 
at  the  lower  part  of  the  figure.  Four  of  the  six  short  sub- 
jects had  difficulty  reaching  the  60°  eyepieces  and  pre- 
ferred the  25°  version.  Two  other  sho.  t subjects,  both  of 
whom  had  thin  thighs  and  could  therefore  lower  tite  light 
table  relative  to  their  chair,  were  able  to  use  the  60°  eye- 
pieces and  complained  that  the  25°  angle  placed  the  light 
table  surface  too  high  for  convenient  use  as  an  armrest. 
The  single  large  subject  found  both  angles  acceptable. 


SECTION  6,1  WORKSTATION  CONFIGURATION 

6.1.4  V:SUAL  WORK  AREA 


So  long  as  the  operator's  position  is  not  restraii  .;d,  hy  a 
seat  belt  for  example,  he  can  change  his  head  and  b 'dy 
position  in  order  to  look  at  a display  in  almost  any 
location  not  physically  obstructed.  Some  locatmns. 
however,  ate  more  convenient  and  are  therefore  likely  to 
he  viewed  more  frequently  and  to  result  in  a marc  rapid 
response  to  the  displayed  information.  This  is  particu- 
larly true  of  locations  close  enougli  to  the  operators 
normal  tine  of  sight  that  he  can  look  at  them  without 
turning  his  head.  (Sec  Section  3.5.) 


Distance  to  visual  displays  is  treated  in  Section  3.6. 

If  there  are  controls  adjacent  to  a display  that  must  be 
adjusted,  the  manual  workspace  limits  in  the  next 
section  (6.1.5)  apply. 


iaute  6.1-8.  Preferred  Visual  Work  Area  (Ref.  7,X).  The 
o*rmal  line  of  sight  is  usually  taken  as  10  to  1® 
elovv  horizontal.  Primary  displays  should  generally  IM 
(ithin  15  degrees  of  this  line  and  secondary  ones  within 
0 degrees.  Although  some  head  movernent  accom- 
anies  nearly  all  eye  movements,  major  head  ^ 
[vovements  occur  for  viewing  angles  of  , 

tegrees  to  each  side.  Eye  elevations  above  the  horizontel 
re  especially  fatiguing  and  should  be  avoided  except  for 
ntermittent  viewing.  Viewing  angle  depressioris  to  45 


will  occur. 


SECTION  6.1  WORKSTATION  CONFIGURATION 


6.1.5  MANUAL  WORK  AREA 


The  tmssl  important  and  frequently  used  controls  shontd 
be  located  where  they  can  be  operated  with  tire  greatesi 
comfort  and  convenience,  and  all  controls  nuist  be 
within  easy  reach.  Tire  data  prescirted  below  provide  a 
guide  to  control  placement.  Many  additional  pages  of 


Figure  6.1-10.  Optimum  Manual  Work  Area.  The  opti- 
mum manual  work  area  illustrated  here  results  from  the 
need  to  provide  a comfortable  lower  arm  position  and 
elbow  flex  angle  {Ref.  9,X).  It  is  suitable  for  operators 


data  are  available  (Ref.  8,B).  In  many  situations, 
however,  there  is  no  good  alternative  to  a mockup 
evaluation  utili/ii’.g  individuals  with  the  extremes  of 
body  dimensions  that  will  occur  in  the  user  population. 


ranging  in  site  from  5th  percentile  female  to  95th  per- 
centile male. 

The  width  of  this  area  is  approximately  60  cm  (24  in). 
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Figure  6.1-11.  Functional  forward  Reach  for  the  Seated 
Operator.  Functional  arm  reach  (grasp  distance)  data  for 
5th  percentile  mate  military  personnel  are  shown  (Ref. 
10.X). 

These  values  are  for  a seated,  restrained  operator.  They 
can  be  increased  as  follows: 

Shoulder  extension,  10  cm  (4  in)  at  0°  and  7.5  cm 
(3  in)  at  45° 

Shoulder  extension  plus  trunk  rotation,  15  cm  (6  in) 
at  0°  and  10  cm  (4  in)  at  45° 

Complete  freedom  to  bend  forward,  40  cm  (16  in) 
at  0°,  30  cm  (12  in)  at  45°,  and  20  cm  (8  in)  at  90° 
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SECTION  6.1  WORKSTATION  CONFIGURATION 


6.1.6  CONSOLE  DIMENSIONS 


Workstation  consoles  must  be  designed  to  fit  the 
operational  requirements  and  space  limitations  of  the 
particular  situation. 

As  an  aid  to  this  design  process,  Figure  6.1-12  below 
indicates  the  minimum  clearances  that  should  be  pro- 


36-41  err. 
(14-16in| 
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WRITING  SPACE. 


63.5  cm 
<25  in) 


10cm  r 


SEAT 

REFERENCE 
POINT  (SRP) 
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■IS  cmiJ 
(Sin)  ' 
(typical) 


vided,  and  Figure  6.1-13  shows  dimensions  for  typical 
consoles.  Additional  information  on  this  topic  can  be 
found  in  Reference  1 1 . 


61  cm  (24  in) 
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76  cm  130  in) 
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71  cm  (28  in) 
PREFERRED; 
76  cm  (30  in) 
ACCEPTABLE 


SECTION  6.1  WORKSTATION  CONFIGURATION 


6.1.6  CONSOLE  DIMENSIONS  (CONTINUED) 


Figure  6.1-13.  Typical  Console  Configurations  (Ref.  12,X). 


6.1-10 


SECTION  6.1  REFERENCES 


1.  Hertzberg,  H.  T.  E.  Engineering  anthropology.  Chapter  ! 1 in  Van  Cott,  H.  P.  and  Kinkade,  R.  G.  (Ed.),  Human  Hngi- 
neering  (luide  to  Equipment  Design.  U.S.  Gov-’.-nment  Printing  Office,  1972. 

Dreyfus,  H.  The  .Measure  of  Man.  New  York,  Whitney  Library  of  Design,  1960,  Although  the  data  presentation  for- 
mat of  this  book  makes  it  very  useful,  the  lack  of  information  on  the  source  of  the  data  sometimes  makes  it  difficult 
to  determine  if  the  value  are  relevant.  It  is  basically  oriented  toward  consumer,  rather  than  military  design 
applications. 

Damon,  A.,  Stoudf,  H.  W.,  and  McFarland,  R.  A.  The  Human  Body  in  Equipment  Design.  Cambridge,  Harvard  Uni- 
versity Press,  1966. 

2.  O’Brien,  R.  and  Shelton,  W.  C.  Women's  Measurements  for  Garntent  and  Pattern  Construction.  Misc.  Pub.  454,  U.S. 
Dept.  Agriculture  and  the  Work  Projects  Administration,  Textiles  and  Clothing  Division,  Bureau  of  Home  Econom- 
ics, December  1941.  (Cited  in  Hansen,  R.,  Cornog,  D.  Y.,  Yoh,  H.  L.,  and  Hertzberg,  H.  T.  E.,  Annotated  Bibliog- 
raphy of  Applied  Physical  Anthropology  in  Human  Engineering,  WADC  TR  56-30,  Air  Research  and  Development 
Command,  Wright-Patterson  Air  Force  Base,  Oliio,  1958.) 

Morony,  W.  G.  and  Smith,  M.  J.  Intercorrelations  and  selected  desrr<ntive  s, . dstics  for  96  anthropometric  measures 
on  1549  Naval  aviation  personnel.  AD  754  780. 

Grunhofer,  H.  J.  and  Kroh,  G.  (Ed.)  A Revie-  iropometric  Data  of  German  Air  Force  and  United  States  Air 

Force  Flying  Personnel,  1967-J968.  Report  AGARD-AG-205,  Nato  Advisory  Group  for  Aerospace  Research  and 
Development. 

(1 ) Hertzberg,  H.  T.  E.,  Daniels,  G.  S.,  and  Churchill,  E.  Anthropometry  of  Flying  Personnel  - 1950.  Report  No. 
WADC-TR-52-321,  Wright  Air  Development  Center,  Wriglrt-Patterson  Air  Force  Base,  Oido,  1954. 

(2)  U.S.  Army  Missile  Command.  Human  Engineering  Design  Crtieria  for  MiVtary  Systems 1 Facilities.  MIL- 
STD-1472B  (proposed).  May  1974. 

(3)  Randall,  R.  E.,  Damon,  A.,  Benton,  R.  S.,  and  Patt,  D.  I.  Human  Body  Size  in  Military  At  'w  9 and  Personal 
Equipment.  Technical  Report  No.  5501,  Air  Materiel  Command,  Wright-Patterson  Air  Force  *3ase,  Ohio,  1946. 

(4)  National  Health  Survey.  Weight,  Height  and  Selected  Body  Dimensions  of  Adults:  United  States,  1960-62  (H. 
W.  Stoudt,  A.  Damon,  R.  A.  McFarland,  and  J.  Roberts).  U.S.  Public  Health  Service,  Washington,  D.  C.,  1965. 
(Cited  in  Damon,  A.,  Stoudt,  H.  W.  and  McFarland,  R.  A.  The  Human  Body  in  Equipment  Design.  Cambridge, 
Harvard  University  Press,  1966.) 

4.  Brues,  A.  M.  Movement  of  the  Head  and  Eye  in  Sighting.  Chapter  7 in  Randall,  F.  E.,  Damon,  A.,  Benton,  R.  S.,  and 
Patt.  D.  I.  Human  Body  Size  in  Military  Aircraft  and  Personal  Equipment.  Technical  Report  No.  5501 . U.S.  Army 
Air  Forces,  Wright  Field,  Ohio,  1946.  Tlie  results  in  this  report  are  supported  by  two  smaller  studies: 

Benford,  J.  R.  and  Rosenberger,  H.  E.  Microscopes.  Chapter  2 in  Kingslake,  R.  (Ed.)  Applied  Optics  and  Optical 
Engineering,  Vol.  IV-Optical  Instruments.  Academic  Press,  New  York,  1967. 

Also,  see  Ref.  5. 

5.  Farrell,  R.  J.  Effect  of  .Eyepiece  Angle  on  Eyepoint  Height  with  a Binocular  Viewing  Device.  Unpublished  manu- 
script, The  Boeing  Company,  Seattle,  Washington,  1969.  This  was  a brief  study  on  six  subjects  conducted  primarily 
to  confirm  Brues’  data  from  Ref.  4. 

6.  Jones,  R.  Human  Factors  Evaluation  of  Advanced  Rhomboids.  Document  D1 80-1 9052-1,  The  Boeing  Company, 
Seattle,  Wa.,  1975. 

7.  Design  of  individual  workplaces.  C.  lapter  9 in  Van  Cott,  H.  P.  and  Kinkade,  R.  G.  (Ed.),  Human  Engineering  Guide 
to  Equipment  Design  (Rev.)  U.S.  Govt.  Printing  Office,  Washington,  D.  C.,  1972. 

8.  Kennedy,  K.  W.  Reach  capability  of  the  USAF  population.  Report  AMRL-TDR-64-59.  Aerospace  Medical  Research 
Labs.,  Wright-Patterson  Air  Force  Base,  Ohio,  19M.  (Cited  in  the  first  source  in  Ref.  1.) 

Bullock,  M.  I.  The  determination  of  functional  arm  reach  boundaries  for  operation  of  manual  controls.  Ergonomics 
Vol.  17, 1974,  pp.  375-388. 


6.1-11 


9.  Woodson,  W.  E.  and  Conover,  D.  W.  Human  Engineering  Guide  for  Equipment  Designers  (2nd  Ed.),  University  of 
California  Press,  Berkeley,  1964. 

10.  Morgan,  C.  T.  et  al  Human  Engineering  Guide  to  Equipment  Design.  McGraw-Hill,  New  York,  1963. 

1 1 . See  Chapters  9 and  1 0 of  Ref.  7. 

12.  Wohl,  J.  G.  (Ed.).  Human  Factors  Design  Standards  for  the  Fleet  Ballistic  Missile  System:  Volume  //.  Design  of 
Equipment.  NAVWEPS-OD-18413A,  U.S.  Navy,  1962.  Also  available  as  AI  ■ 048  S95. 


6.2  CONTROLS 


6.2.1  Co. :tinuous  Controls 


6.2.2  Discrete  Position  Controls 


SECTION  6.2  CONTROLS 


Rccoinmcndiitions  tor  spodric  types  of  eontrols  ate 
siiininarued  in  iliis  section.  The  more  i!eneral  problems 
ol  control  arrangement  and  the  association  between 
controls  and  displays  are  treated  in  Section  6.3. 

Much  of  the  material  in  this  section  was  e.\tracted  from 
design  handbooks  (Kef.  I).  wiili  modifications  as 
required  fry  persona!  e.xpetience  in  the  design  and 
evaluation  of  control  panels.  In  those  instances  w'.iete 
research  reports  were  also  used,  they  have  been 
referenced. 

Recommended  control  resistances  are  to  be  measured 
linearly  unless  they  are  referred  to  specifically  as 
torques.  To  be  correct,  force  in  the  metric  system  sliould 
be  specified  in  newtons  or  dynes.  However,  commonly 
available  scales  are  calibrated  in  grams  so  this  unit  has 
been  used  instead  (Ref.  2). 


Minimum  separation  distances  between  controls  usually 
apply  also  to  the  separation  between  the  control  and  the 
nearest  obstruction. 

Increased  use  of  integrated  circuits  has  generated  pres- 
sure to  reduce  control  panel  size  and  to  incorporate 
special  logic  codes  into  control  devices.  The  result  has 
been  miniaturized  controls,  multifunction  controls 
whose  effect  depends  on  the  setting  of  some  other 
control,  and  completely  new  types  of  controls  fo’’  v.'hich 
there  are  no  established  design  recommendations.  In 
some  instances  recommendations  for  more  traditional 
types  ol  controls  provide  guidance,  but  in  others  there  is 
lU)  good  alternative  to  installing  the  new  control  in  a 
panel  and  having  operators  try  it.  This  topic  is  discussed 
briefly  in  Section  6.7. 


6.2.1  CONTINUOUS  CONTROLS 

Continuous  position  controls,  in  contrast  with  controls 
that  have  a limited  number  of  dis>:rete  positions,  can  be 
set  to  any  position  within  the  limits  of  control  move- 
ment. 


TYPE 

FIGURE  NUMBER 

COMMENTS 

LEVER 

6.2-2 

ALLOWS  LARGE  FORCES:  INDICATES  SETTING;  SUBJECT  TO 
ACCIDENTAL  ACTIVATION 

JOYSTICK 

6.2-3 

SPECIALIZED  LcVER;  USUALLY  MOVES  IN  TWO  DIMENSIONS; 
SUBJECT  TO  ACCIDENTAL  ACTIVATION 

TRACKBALL 

6.2-4 

EXCELLENT  POSITION  CONTROL  WHEN  A LARGE  RANGE 
OF  INPUT  COMMANDS  ARE  NECESSARY 

1 

CRANK 

6.2-5, -6,  -7,-13 

ALLOWS  RAPID,  MULTIPE  TURNS;  USEFUL  TO  OBTAIN 
LARGE  AMOUNTS  OF  WORK 

KNOB 

6,2-8  TO  -14 

ALLOWS  PRECISE  ADJUSTMENT;  INDICATES  SETTING 

THUMB- 

WHEEL 

6.2-15 

MINIMUM  PANEL  SPACE;  POOR  DISPLAY  OF  SETTING 

LINEAR 

SLIDE 

6.2-16 

WASTES  PANEL  SPACE;  EXCELLENT  INDICATION  OF 
SETTING;  SUBJECT  TO  ACCIDENTAL  MOVEMENT 

1 

FOOT 

PEDAL 

6.2-17 

USED  TO  OBTAIN  LARGE  FORCES  OR  WHEN  BOTH  HANDS 
ARE  OCCUPIED 

Figure  6.2-1.  Types  of  Continuous  Position  Controls 


6.2-1 


SECTION  6.2  CONTROLS 


6.2.1  CONTINUOUS  CONTROLS  (CONTINUED) 


Figure  6.2-2.  Levers 
Parameters: 

Diameter  (D);  13  to  75  mm  (0.5  to  3.0  in)  for  finger 
grasp  and  38  to  75  mm  (1.5  to  3.0  in)  for  hand  grasp. 

- /acement  (A);  Up  to  350  mm  (14  in)  fore-aft  and 
iiim  (38  in)  laterally 

Separation  for  one-hand  use:  100  mm  (4.0  in)  preferred, 
50  rt.;.n  (2.0  in)  acceptable 

Resistance  for  finger  use:  Up  to  900g  (32  oz) 

Resistance  for  one-hand  use:  1 to  14  kg  (2  to  30  lb)  fore- 
aft  and  1 to  10  '.<g  (2  to  20  lb)  laterally 

Design  Notes: 

• For  fine  adjustments  or  continuous  use,  provide 
support  for  the  limb  used 


Figure  6.2-3.  Joysticks 

Parameters: 

Diameter  (D):  6 to  25  mm  (0.25  to  1.0  in) 

Length  (L);  75  to  150  mm  (3.0  to  6.0  in) 

Displacement:  Up  to  + 45° 

Resistance  (at  tip):  340  to  900g  (12  to  32  oz) 

Design  Notes: 

• Provide  support  for  the  body  part  used  to  manipulate 
the  joystick.  If  the  stick  is  held  by  the  fingers,  the 
support  should  be  at  the  wrist 

• Locate  the  pivot  point  below  the  support  surface 

• Isometric  (force)  joysticks  offer  performance  and  reli- 
ability advantages  for  some  applications,  but  should  be 
avoided  for  most  image  translation  applications  unless 
they  incorporate  an  indication  to  the  user  when  he  is 
making  a maximum  input  (Ref.  3).  (See  Section 
3.10,4.) 

• A position  joystick  can  be  set  to  within  1 .5  steps  in  a 
800-step  display  (RMS  error)  (Ref.  4). 

• If  pushbutton  is  added  to  the  center  of  the  joystick  to 
obtain  two  output  ranges,  expect  a reduction  in  joy- 
stick positioning  precision  when  the  pushbutton  is 
depressed. 

• See  Section  3.10.5  for  a discussion  of  a particular  joy- 
stick application. 
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SECTION  6.2  CONTROLS 


6.2.1  CONTINUOUS  CONTROLS  (CONTINUED) 


Figure  6.2-4.  Trackballs 
Parameters  (Ref,  5 ) 

Diameter:  No  operator-imposed  restrictions;  75  to  100 
mm  (3  to  1 in)  typical. 

Resistance:  35  gm  (1.2  oz)  works  well  and  allows  easy 
slewing  with  a 30  mm  (3.5  in)  plastic  ball;  increasing 
resistance  to  57  to  85  gm  (2.0  to  3.0  oz)  to  eliminate 
movement  due  to  vibration  is  acceptable  but  will  reduce 
slewing  and  increase  time  to  make  large  inputs. 

Design  Notes: 

• Setting  precision  depends  on  how  precisely  the 
operator  can  position  his  hand  zlong  the  circum- 
ference of  the  ball.  With  an  adequate  display,  an 
RMS  error  of  0.7  mm  (0.03  in),  which  is  equivalent  to 
1/400  revolution  of  an  8.9  cm  (3.5  in)  diameter  ball,  is 
reasonable. 


CRANK  RADIUS  hnches) 


Figure  6.2-5.  Cranks 


CRANK  OPERATING  MODE 

HIGH 

SPEED 

LIGHT 

LOAD 

MEDIUM  TO 
HEAVY  LOAD, 
MULTIPLE 
TURNS 

PRECISE 
POSITIONING, 
LESS  THAN 
ONE  TURN 

CRANK 

RADIUS 

(Rl 

13  TO  125  mrr 
(0.5  to  5 in) 

100  TO  500  mm 
(4  to  20  in) 

13  TO  500  nim 
(0.5  to  20  in) 

RESIST- 
ANCE AT 
HANDLE 

0.9  TO  2.3  kg 
(2  to  5 lb) 

2.3  TO  4.5  kg 
(5  to  10  lb) 

0.9  TO  3.6  kg 
12  to  8 lb) 

HANDLE 

DIAMETER 

(D) 

1 3 mm 
(0.5  in) 

13  TO  25  mm 
(0.5  to  1 .0  in) 

13  TO  25  mm 
(0.5  to  1.0  in) 

HANDLE 

LENGTH 

(LI 

38  mm 
(1.5  in) 

95  mm 
(3.8  in) 

95  mm 
(3.8  in) 

Separation  (S):  At  least  75  mm  (3  in) 


Design  Notes: 

• Use  a handle  that  rotates  freely  on  its  shaft. 

• A (.rank  handle  can  be  combined  with  a knob  to 
allow  rapid  slewing  with  the  crank  and  fine  positioning 
with  the  knob  (see  Figure  6.2-13). 

• For  large  resistances,  orient  the  rotation  axis  parallel 
to  the  frontal  plene  of  the  body  (a  vertical  plane 
through  the  shoulders) 


Figure  6.2-6.  Maximum  Cranking  Speed  (Ref.  6,X).  With 
a light  load  the  maximum  turnmg  rate  is  achieved  with  a 
crank  radius  of  3 to  5 cm.  As  crank  resistance  (expressed 
as  torque)  increases,  a slightly  larger  cank  is  required  in 
order  to  achieve  maximum  speed. 


if 
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SECTION  6.2  CONTROLS 


6.2  1 CONTINUOUS  CONTROLS  (CONTINUED) 


CRANK  RESISTANCE  (I'o  in  I 


CRANK  RESISTANCE  Ig  m) 


Figure  6.2-7.  Work  Output  With  Cranks.  A crank  may 
be  used  to  enable  an  operator  to  perform  work.  The 
amount  of  work  that  can  be  obtained  increases  with  the 
time  available  for  the  task.  For  infrequently  performed 
tasks  that  do  not  contribute  directly  to  the  interpretation 
of  imagery,  suci.  as  elevating  a display,  a reasonable  upper 
limit  might  be  2 minutes.  In  the  absence  of  any  test  data 
on  the  user  population,  the  designer  may  choose  to  use  a 
different  value. 

These  curves  illustrate  the  maximum  amount  of  work 
that  might  be  expected  as  a function  of  crank  resistance 
(torque)  after  given  intervals  of  time.  They  are  all  based 
on  one-hand  cranking  at  waist  height  by  military  person 
nel,  or  the  equivalent,  and  were  collected  as  follows: 

Average  scores;  maximum  constant  speed 
for  maximum  time  (stopped  at  10  minutes 
if  still  cranking:  tf.ree  crank  sizes)  (Ref.  7,C). 

(soAverage  scores;  maximum  speed  for  4 
minutes;  1 1.6  cm  (4.5  in)  crank  (Ref.  8,C). 

+ Output  by  85%  of  small  (5  45  percentile)  personnel; 
maximum  speed  for  maximum  time  (subjects  quit 
after  about  1 minute);  19  cm  (7.5  in)  crank  (Ref.  9.C). 
These  data  appear  only  in  the  upper  graph. 

The  1-minute  curves  at  the  top  are  directly  equivalent 
to  horsepower  (0.1  horsepower  is  equal  to  450  m-kg 
(2300  ft-lb)  per  minute.) 

Heavier  crank  resistances  increased  the  rate  of  wcrk  out- 
put. but  decreased  the  maximum  amount  of  work  that 
was  eventually  obtained.  In  order  <•,  :;void  the  fatigue 
effects  evident  for  the  heavier  crank  resistant  »s  in  the 
lower  sets  of  curves,  crank  resistance  should  noi  exceed 
560  g-m  (50  lb-in).  This  would  be  equivalent  to  . handle 
resistance  of  5.4  kg  (12  lb)  for  a 100  cm  (4  in)  >.rank  and 
3.2  kg  (7  lb)  for  a 175  cm  (7  in)  crank. 

Total  work  output  of  550  m-kg  (4000  ft-lb)  over  a 
period  of  2 to  3 minutes  is  reasonable  for  male  personnel 
of  military  age.  Some  reduction  should  be  made  for 
female  personnel;  in  the  absence  of  any  data,  a reduction 
of  30%  is  reasonable. 
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SECTION  6.2  CONTROLS 


6.2.1  CONTINUOUS  CONTROLS  (CCNTINLTD) 


Figure  6.2-8.  Continuous  Position  Knobs 

Diameter  (D):  13  to  75  inm  (C  5 to  3 in);  bO  to  75  rnm  (2 
to  3 in)  for  heaviest  resistances. 

Depth  (H):  13  to  25  mm  (0.5  to  1 in) 

Separation  (S):  For  one  hand  operax'on,  .-o  less  than  25 
mm  (1  in),  with  50  mm  (2  in)  pteferrtd  ror  simultaneous 
operation  by  two  hands,  no  less  :liu.n  75  mm  (3  in),  with 
125  mm  (5  in)  preferred. 

Resistance:  Up  to  4.2  g rr,  (6  oz-in)  for  small  Isnoijs  or 
many  turns;  up  to  1 1.3  y-m  (16  oz-in)  for  large  )<nobs  and 
only  1 or  2 turns.  (See  Figure  6.2-12  and  Ref.  10, D.) 

•design  Notes: 

' Operating  time  is  a function  of  the  required 
revolutions  (Figure  6.2-10)  and  adjustment  precision 
(Figure  6.2-11). 

• For  minimum  operating  time,  do  not  require  adjust- 
ment to  less  than  1 or  2°  (Figure  6.2-1 1 ).  (Section 
3.8  covers  application  of  this  data  to  focus  controls.) 

• If  more  than  four  revolutions  ar"  frequently  required, 
reduce  operating  tirre  by  adding  a handle  (Figure  C.2-13). 

• For  a pointer  at  a normal  reading  distance,  25  to  75  mm 
(1  to  3 in)  of  pointer  travel  for  each  revolution  of  the 
knob  is  reasonable  (Ref.  1 i,C). 

• Foi  the  higher  resistances,  use  a knob  with  a nonslip 
surface.  Kr.uil  small  knobs  and  flute  the  edges  of  large 
ones. 

• Use  a bar-shaped  knob  (Figure  6.2-19)  if  the  operator 
must  know  the  control  setting. 

• Backlash  of  up  to  20°  in  the  control  will  have  little 
effect  (Ref.  1 1,D)  if: 

- There  is  a good  display  of  the  control  setting, 

(Section  3.8.2  discusses  a case  where  this  is 
not  true.) 

- Resistai  :e  is  not  excessive, 

- The  display  movement  to  control  movement 
ratio  is  good,  and 

- Re."uired  setting  precision  is  not  excessive  and 
does  not  require  several  reversals  of  the  control. 

• When  centering  a knob  between  stops  separated  by 
from  20  to  160°,  as  might  be  required  when  focusing 
a microscope  (see  Section  3.8),  the  expected  average 
error  is  10  to  25%  of  the  range,  and  the  expected  varia- 
tion (one  standa'd  deviation)  is  10  to  20%  (Ref.  12,C). 
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SECTION  6.2  CONTROLS 


6.2.1  CONTINUOUS  CONTROLS  (CONTINUED) 


TRAVEL" 

PHASE 


I POINTER 
START 
POSITION 


FINAL 

"ADJUSTMENT" 

PHASE 


POINTER 

FINAL 

POSITION 


7S  mm  13  ml  | 

(appruximaietv)  B 


2.5  mm  (0.1  ml 


TOLERABLE  POSITION  ERROR. 
0.2  mm  (0.007  in) 

DISPLAY  CONDITIONS 


Figure  6.2-9.  Display  Conditions  for  the  Knob  Rotation 
Studies  Described  in  Figures  6.2-10,  -11.  12,  and  -13 
Several  useful  numbers  are  available  from  two  studies  in 
wfuc  i "travel"  and  "adjustment"  times  were  measured  as 
practiced  subjects  used  a knob  to  position  a pointer  along 
a scale  located  at  a distance  assumed  to  be  between  25 
and  75  cm  (10  and  30  in)  (Ref.  1 1). 

Knob  diameter  was  generally  70  mm  (2.75  in);  other 
values,  from  25  to  100  mm  (1  to  4 in)  did  not  affect  the 
results. 

In  the  next  four  figures,  "travel"  time  is  the  time  to  move 
the  pointer  from  A to  B in  the  illustration,  and  "adjust- 
ment" time  is  the  time  to  move  it  from  B to  C.  Total  time 
is  the  sum  of  these  two. 


Figure  6.2-10.  Time  Required  to  Rotate  a Knob.  In  one 
study  with  the  dis^ruv  in  Figure  6.2-9,  different  pointer 
movement  per  knob  lurn  ratios  necessita’ed  different 
numbers  of  turns  of  the  knob  to  complete  the  75  mm  (3 
in)  of  travel.  After  the  first  turn  or  so,  "tratei"  time 
increased  almost  linearly  with  the  number  of  turns 
required  (Ref.  1 1,C). 


Figure  6.2-11.  Time  Required  to  Adjust  a Knob.  In  one 
study  with  the  display  in  Figure  6.2-9,  increasing  the 
pointer  movement  per  knob  turn  ratio  increased  the  knob 
adjustment  precision  necessary  to  place  the  pointer  within  . 
the  0.2  mm  (0.007  in)  allowable  area  (Ref.  11,C).  Very 
few  incorrect  settings  were  made,  even  when  the  knob  had 
to  be  adjusted  to  within  0.15°.  However,  "ad'ustment"  time 
increased  when  the  knob  had  to  be  set  to  better  than  2°. 

The  authors,  on  the  basis  of  the  results  shown  in  this  and 
the  previous  figure,  concluded  that  one  revolution  of  a 
knob  should  move  a scale  of  this  type  30  to  60  mm  ( 1 .2 
to  2.4  in). 
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6.2.1  CONTINUOUS  CONTROLS  (CONTINUED) 


KNOB  TORQUE  (o»  ml 
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Figur*  6.2-12.  Influence  of  Knob  Retistance  on  Adjuit- 
men!  Speed.  In  one  study  with  the  display  in  Figure 
6.2  9.  operators  required  more  time  to  turn  knobs  that 
offered  more  resistance.  They  acceiited  a torque  of  14 
g-m  (19  o/  in),  but  complained  that  24  g m (34  o^•in) 
was  excessive  (Ret.  13, C). 


Figure  6.2-13.  Addition  of  a Ciank  Handle  to  a Knob. 

In  one  study  with  the  display  in  Figure  6.2-9,  a knob  was 
turned  more  rapidly  through  fo'.ii  or  more  revolutions 
when  a handle  was  added  so  that  it  could  be  used  as  a 
crank  (Ref.  1 1,C).  Forcing  subiects  to  use  the  handle 
for  a small  number  of  revolutions  slosvcd  performance. 
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ACCIDENTAL  CONTACT  POINTS  ON 
POORLY  SIZED  CONCENTRIC  KNOBS 


Figur*  6.2-14.  Concentric  Continuous  Position  Knobs 

Pararreiers  (Ref.14  J; 

Diameter  (Dj ):  13  mm  (0.5  in  ) 

(D2>:44  mm  (1.7  in.) 

(Dj);  75  mm  (3.0  in.) 

Depth  (H^);  20  mm  (0.8  ir.) 

(Hj):  20  mm  (0.8  in.) 

(Hj);  At  least  6 mm  (0.25  in.) 

Design  Notes: 

• Difficult  to  use  without  occasionally  activating  the 
wrong  control 

• Difficult  to  indicate  to  the  user  what  is  controlled 
by  each  portion  of  the  knob  (see  Section  6.3) 

• Limited  to  round  knobs,  which  do  not  provide  a 
good  display  of  their  position 


Figure  6.2-15.  Continuous  Thumbwheels 
Parameters: 

Wheel  width  (W):  No  less  than  3 mm  (0.12  in) 

Separation  (S):  No  less  than  10  mm  (0.38  in) 

Resistance;  85  to  140-g  (3  to  5 oz) 

Design  Notes: 

• A detent  is  required  if  control  has  an  OFF  position 
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6.2.1  CONTINUOUS  CONTROLS  (CONTINUED! 


Eigurt  6.2-16.  Lintar  Slidtt 
Parameters: 

None  have  been  established.  Resistance  is  a compromise 
between  prevention  of  inadvertent  movement  and  opera- 
tor convenience. 

Design  Notes: 

• Smooth  resistance  with  motion  is  essential  (and  is 
provided  by  most  commercially  available  units). 


Figure  6.2-17.  Foot  Pedals 
Parameters: 

Height  (H):  No  less  than  25  mm  (1.0  in) 

Width  (W):  No  less  than  75  mm  (3.0  in) 

Displacement  (A):  Up  to  63  mm  (2.5  in)  for  ankle 
flexion  and  180  mm  (7.0  in)  for  leg  movement 

Resistance:  Minimum  of  2 kg  (4  lb)  if  foot  does  not  rest 
on  pedal  and  4.5  kg  (10  lb)  if  it  does;  up  to  4.5  kg  (10  lb) 
for  ankle  flexion  only  and  9 kg  (20  lb)  for  leg  movement: 
if  total  leg  can  exert  force  against  a secure  backrest,  80  kg 
(180  lb)  can  be  exerted  (for  male  operators). 

Separation  (S):  No  less  than  150  mm  (6.0  in)  for  one- 
foot  random  operation  and  100  mm  (4.0  in)  for  one-foot 
sequential  operations. 

Slope  (0):  Up  to  60° 

Design  Notes: 

• Pedals  can  serve  to  produce  large  amounts  of  force  or 
displacement. 

• A secure  seating  arrangement  is  necessary  to  obtain 
large  forces. 

• Use  a heel  support  if  the  pedal  is  more  than  20°  above 
horizontal. 

• Use  non-slip  surface. 
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6.2.2  DISCRETE  POSITION  CONTROLS 

Disitctc  position  controls  can  he  set  to  any  one  of  a 
limited  nmtiher  of  exact  positions^ 

A standard  human  enpincering  recommendation  for 
discietc  controls  is  a snap  action,  or  detent,  so  that  the 
operator  has  tactual  and  auditory  feedback  to  indicate 
that  the  control  has  been  actuated.  Detents  are  clearly 
required  with  a multiposition  control,  such  as  a rotary 


knob  or  thumbwheel.  With  a pushbutton  the  need  for  a 
detent  depends  on  the  application.  In  general,  the  user 
should  be  provided  with  some  type  of  feedback  to 
indicate  that  he  has  'ictuated  the  contiol.  This  might  be 
movement  of  the  displa",  illumination  of  the  control,  or 
a detent.  With  pushbuttons  that  ate  used  at  higli  rates,  as 
in  a keyboard,  a detent  generally  offers  no  advantage 
and  may  even  reduce  performance  (Ref.  I5,B). 


TYPE 

FIGURE  NUMBER 

NUMBER  OF  POSITIONS 

COMMENTS 

KNOB 

6.219 

3-24* 

EASY  TO  ADJUST 

THUMBWHEEL 

6.2-20 

3 OR  MORE* 

MINIMUM  PANEL  SPACE; 

LOW  ERROR  RATE  IRef.  16.  Bl 

LEVER  WHEEL 

6.2-21 

3 OR  MORE 

MINIMUM  PANEL  SPACE;  DIFFICULT 
TO  SET  ACCURATELY  WITHOUT 
EXTENSIVE  PRACTICE  IRef.  17) 

PUSHBUTTON 

WHEEL 

6.2-22 

3 OR  MORE 

NO  DATA  AVAILABLE 

TOGGLE  SWITCH 

6.2-23 

2 13  IF  CENTER  OFF) 

EASY  TO  USE;  INDICATES  SETTING; 
EASY  TO  ACTIVATE  BY  ACCIDENT 

ROCKER  SWITCH 

6.2-24 

2 (3  IF  CENTER  OFF) 

SLIGHTLY  HARDER  TO  USE  THAN  A 
TOGGLE;  ADDS  INTERVAL  ILLUMINATION 
TO  DISPLAY  SYSTEM  STATUS;  GOOD  IN 
COMBINATION  WITH  LEGEND  SWITCHES 

PUSHBUTTON 

6.2-25 

2 

FAST  TO  USE;  EXCELLENT  FOR  MOMENTARY 
INPUTS;  EASY  TO  ACTIVATE  BY  ACCIDENT 

LEGEND  SWITCH 

6.2-26 

2 

CONSISTS  OF  A PUSHBUTTON  WITH  INTERNAL 
ILLUMINATION  TO  INDICATE  SYSTEM  STATUS 

KEYBOARD 

6.2-27 

— 

CONSISTS  OF  A SPECIAL  ARRANGEMENT  OF 
PUSHBUTTONS  FOR  FREQUENT  INPUTS 

FOOT 

PUSHBUTTON 

6.2-28 

P* 

USE  ONLY  TO  OBTAIN  LARGE  FORCES  OR 
WHEN  BOTH  HANDS  ARE  OCCUPIED 

•USE  A 2-POSITION  KNOB  OR  THUMBWHEEL  IF  IT  IS  NECESSARY  TO  ELIMINATE  THE  POSSIBILITY  OF  ACCIDENTALLY 
ACTIVATING  A TOGGLE  OR  PUSHBUTTON 


Figure  6.2-18.  Types  of  Discrete  Position  Controls 
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6.2.2  DISCRETE  POSITION  CONTROLS  (CONTINUED) 


Figu.'*  6.2-19.  Ditcret*  Potition  Knobi  (Rotary  Salactor 
Switchet) 

Parameters: 

Length  (L):  25  to  100  mm  (1 .0  to  4.0  in) 

Width  (W);  No  more  than  25  mm  (1.0  in) 

Depth  (H):  15  to  75  mm  (0.6  to  3.0  in) 

Separation  (5)  for  one-hand  random  operation:  50  mm 
(2.0  in)  preferred,  half  this  is  acceptable 

Separation  (S)  for  two-hand  operation:  125  mm  (5.0  in) 
preferred,  half  this  is  acceptable. 

Angular  displacement  (A):  30°  preferred,  ’5°  to  90° 
acceptable;  choice  depends  on  number  of  positions 
required. 

Index  mark  displacement  (1):  At  least  6 mni  (0.25  in) 
Resistance:  1 1 to  69  g-m  (1.0  to  6.0  lb-in) 

Design  Notes: 

• Use  a knob  that  provides  both  visual  and  tactual  indi- 
cation of  position.  The  bar  shape  shown  is  a good 
choice. 

• Do  not  leave  any  space  between  the  index  mark  and 
the  end  of  the  knob  pointer. 

• Make  the  knob,  not  the  scale,  move. 

• Include  end  stops  to  limit  travel. 

• If  settings  180°  from  each  other  must  be  used,  choose 
a knob  shape  that  will  avoid  pointer  end  confusion, 

• Increase  tlie  setting  value  with  clockwise  rotation. 

• Avoid  knobs  with  a raised  pointer  that  will  result  in 
parallax. 


Figure  6.2-20.  Discrete  Position  Thumbwheels 


Parameters: 

I 

Diameter  (D): 
Trough  width  (L): 
Trough  depth  (H): 
Wheel  width  (W): 
Separation  (S): 

Resistance: 


No  less  than  30  mm  (1.5  in) 

1 1 to  1 9 mm  (0.45  to  0.75  in) 
3 to  13  mm  (0.12  to  0.5  in) 
No  less  than  3 mm  (0.12  in) 

No  lets  than  8 mm  (0.31  in); 
10  mm  (0.38  in)  preferred 

170  to  570  g (6  to  20  oz) 


Design  Notes; 

• AdequateTighting  is  particularly  important  because 
numerals  bro  partially  recessed. 

• Almost  all  thumbwheels  are  manufactured  so  that  the 
setting  increases  with  downward  movement;  see 
Section  6.3.3. 


• Avoid  small  sharp  tabs  that  can  cause  operator 
discomfort  with  repeated  use. 
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6.2.2  DISCRETE  POSITION  CONTROLS  (CONTINUED) 


Figur*  6.2-21.  Ltvtrwhcali.  No  design  parameters  have 
been  established.  Because  the  lever  must  be  positioned 
very  precisely,  correct  positioning  by  inexperienced  users 
will  require  several  attempts  (Ref.  17).  With  considerable 
experience  and  a good  working  environment,  users  may  be 
able  to  set  this  control  blind  by  moving  the  lever  to  either 
end  stop  and  then  moving  it  through  the  required  number 
of  detents. 


Figure  6.2-22.  Pushbutton  Wheels  and  Toggle  Wheels. 

No  design  parameters  have  been  established.  Figures 
6.2-23  and  -25  provide  some  guidance.  An  interesting 
modification  of  this  control  is  a version  in  which  the 
operator  simply  touches  the  surface  of  the  control  and  an 
electronic  circuit  causes  the  setting  to  change. 
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SECTION  6.2  CONTROLS 


6.2.2  DISCRETE  POSITION  CONTROLS  (CONTINUED) 


Figurt  6.2-23.  Toggle  Switchei 
Parameters: 


Arm  length  (L):  13  to  50  mm  (0.5  to  ?.0  in.) 
Tip  diameter  (D):  3 to  25  mm  (0.125  to  1 .0  in.) 

Displacement  (A):  minimum  of  30°  between 
petitions 


Lateral  separation  (S): 

Single  finger  operation 

Single  finger  operation 
of  lift  to  unlock  switch 

Single  finger  sequential 
operation 

Simultaneous  operation 
by  oifferent  fingers 

Vertical  separation;  Depenrfs  on  switch  size  and 
displacement 


PREFERRED 
50  mm  (2.0  in) 

50  mm  (2.0  in) 

25  mm  (1.0  in) 


MINIMUM 
20  mm  (0.75  in) 

25  mm  (1.0  in) 

13  mm  (0.5  in) 


20  mm  (0.75  in)  15  mm  (0.62  in) 


Resistance:  280  g to  1.1  kg  (10  to  40  oz  ) 

Design  Notes: 

• Qrcent  for  vertical  lever  arm  travel  unless  horizontal 
motion  is  required  for  compatibility  with  the 
controlled  functions. 

• To  reduce  panel  space  requirements,  arrange  toggle 
switches  in  rows  perpendicular  to  the  direction  of 
lever  arm  travel. 

• On  power  switches,  place  OFF  in  the  down,  left  or 
center  position. 

• Except  for  center-off  controls,  do  not  u:a  more  than 
two  positions 


Figure  6.2-24,  Rocker  Switches 
Parameters: 

None  have  been  established. 

Design  Notes; 

• Use  internal  illumination  of  the  depressed  half  of  the 
control  to  make  control  setting  more  obvious. 
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6.2.2  DISCRETE  POSITION  CONTROLS  (CONTINUtD) 


Figur*  6.2.25.  PuiKbuttont 
Parameters: 

Diameter  (D):  No  less  than  13  mm  (0.5  in),  except  for 
miniature  devices,  9 mm  (0.38  in)  Is  acceptable 

Displacement  (A)’  3 to  13  mm  (0.12  to  0.5  in) 
Separation  (S):  PREFERRED  MINIMUM 

Random  operation;  50  mm  (2.0  in)  13  mm  (0.5  in) 

Sequential  operation:  25  mm  (1 .0  in)  6 mm  (0.25  in) 
Resistance:  140  to  565  g (5  to  2b  oz) 

Design  Notes: 

• Use  a roughened  or  concave  -.urface  to  minimize 
finger  slippage. 

• Experience  with  electronic  keyboards  is  tending  to 
prejudice  users  toward  lighter  resistances  and  shorter 
displacements.  Values  twice  those  listed  are  usable  but 
will  probably  cause  unfavorable  reactions  by  users. 

• Provide  a detent,  or  other  immediate  indication  that 
the  pushbutton  has  been  depressed. 

• For  keyboard  applications,  see  parameters  listed  in 
Figure  6.2-27. 


Figure  6.2-26.  Legend  Pushbuttons 
Parameters: 

Width  and  height  (W):  20  to  38  mm  (0.75  to  1.5  in) 
Barrier  width  (S):  3 to  6 mm  (0.12  to  0.25  in) 

Barrier  deptn  (B):  5 to  6 mm  (0.20  to  0.25  in) 

Displacement  (A):  3 to  6 mm  (0.12  to  0.25  in),  with  a 
minimum  of  5 mm  (0.20  in)  for  switches  with  two  fixed 
positions. 

Resistance;  140  to  565  g (5  to  20  oz) 

Design  Notes: 

• Labeling  must  be  legible  when  not  illuminated  (Label 
size  and  style  is  covered  in  Section  6.5). 

• In  most  applications,  use  the  illumination  to  indicate 
system  status,  not  just  control  actuation. 

• Internal  projection  of  one  of  several  labels  can  be 
used  to  make  this  a multifunction  control  (Ref.  18). 
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6.2.2  DISCRETE  POSITION  CONTROLS  (CONTINUED) 


Hh  y/M 

cncnas 


± 

T 


0GQ  0GQ 
GGG  GGG 
000  GGG 
0J0D  0 

CALCULATOR  TELEPHONE 


G00000GQ00 

00000O0OQG 

0OGGQQOGGO 

0000GG0OGO 

TYPEWRITER  AND  PREDOMINANTLY  ALPHA 
INPUT  TO  COMPUTER 


OOOOOOOGOOGGG 


Note:  This  section  can  be 
displaced  to  the  right 

PREDOMINANTLY  NUMERiC  INPUT  TO  COMPUTER 


Figur*  6.2-27.  Keyboards 
Parameters  (Ref.  19, X) 

Width  (D);  10  to  19  mm  (0.4  to  0.75  in).  Special  keys 
can  be  wider  and  miniature  devices  can  utilize  smaller 
keys. 

Displacement  (A):  1 to  5 mm  (0.04  to  0.19  in) 

Separation  (S):  No  less  than  6 mm  (0.25  in)  between 
edges  of  13  mm  (0.5  in)  wide  keys;  less  with  wider  keys 

Center-to-center  distance  (C):  19  mm  (0.75  in)  preferred, 
but  16  mm  (0.635  in)  is  .icceptable 

Resistance:  25  to  150  g (0.9  to  5.3  oz) 

Slope;  10°  to  35°  preferred,  with  up  to  60°  acceptable 
Design  Notes: 

• Consistency  in  the  key  arrangement  of  the  several  key- 
boards used  by  a single  operator  is  important.  (See  the 

^ discussion  in  Reference  12  of  Section  6.3.) 

Arraitgements  illustrated  here  should  be  used  where 
possible.  Standards  should  be  consulted  for  location 
of  control  and  function  keys  (Ref.  20). 

• Labels  on  interchangeable  overlays  can  be  used  to 
obtain  a multifunction  keyboard. 

• Feedback  to  inform  the  operator  of  control  actuation 
is  essential.  This  can  be  a det»nt,  or  a display  action. 

• Keyboard  switches  are  used  frequently.  Therefore,  if  a 
detent  is  included  to  provide  feedback,  it  m JSt  be  very 
light.  Also,  operating  force  must  be  kept  low  (Ref.  15). 

• The  operator  can  more  easily  establish  his  finger  loca- 
tion if  the  "home"  keys,  4-5-6  on  a calculator  key- 
board and  A-S-D-F-J-K-L-;  on  a typewriter,  have  a 
distinctive  surface.  This  can  be  provided  by  a different 
concavity  or  a small  raised  spot  in  the  center  of  each 
key. 

The  arrangement  of  the  alphabetic  keys  shown  here  is 
sometimes  identified  as  the  QWERTY  format. 
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6.2.2  DISCRETE  POSITION  CONTROLS  (CONTINUEOI 


Figure  6.2-28.  Foot  Pushbuttons 
Parameters; 

Diameter  (D);  No  less  than  13  mm  (0.5  in| 

Displacement  (A);  13  to  63  mm  (0.5  to  2.5  in)  for 
ankle  flexion,  13  to  100  mm  (0.5  to  4.0  in)  for  leg 
movement 

Center  to  center  separation:  225  mm  (9  in)  for  random 
operation  and  175  mm  (7  in)  for  sequential  operation 

Edge  to-edge  separation:  150  mm  (6  in)  for  random 
operation  and  100  mm  (4  in)  for  sequential  operation 

Resistance:  1 .8  to  9.0  kg  (4  to  20  lb)  if  foot  does  not 
rest  on  control,  4.5  t.o  9.0  kg  (10  to  20  lb)  if  foot  does 
rest  on  control 

Design  Notes: 

• Because  operator  will  have  difficulty  locating  this 
type  of  control,  use  it  only  if  both  hands  are  occupied 

• A foot  gu'de  is  a useful  aid  in  locating  the  control. 

• Wide  separation  is  necessary  if  there  is  more  than  one 
control. 

• Use  a nonslip  surface  on  the  control. 

• The  foot  is  relatively  insensitive,  so  good  indication  of 
control  activation  is  essential. 
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SECTION  6.3  CONTROL/DISPLAY  LAYOUT 


NOTE:  Because  this  entire  section  consists  of  recommendations,  they  are  not  listed  separately  here. 


Tliere  are  nearly  as  many  ways  to  lay  out  most 
control/display  systems  as  there  are  designers  and  critics 
available.  Even  if  these  ignore  the  numerous  formalized 
design  techniques  available  (Ref.  1),  many  will  be  easy 
to  operate.  The  goal  of  this  section  is  to  outline  some  of 
the  more  basic  approaches  that  will  help  nr.ake  the 
system  easy  to  use.  If  a foriml  systematic  approach  to 
tire  design  is  desired,  the  aforementioned  teR'rence 
should  be  consulted. 

A more  complete  treatment  of  the  many  techniques  and 
guidelines  for  layout  of  controls  and  secondary  displays 
is  also  available  (Ref.  2). 


6.3.1  LOCATION 

Operating  controls  and  their  associated  displays  should 
be  located  within  the  manual  and  visual  work  areas 
described  in  Section  6.1.  The  figures  in  Section  6.2  list 
the  clearances  needed  between  two  controls  of  the  same 
type,  and  these  values  are  the  best  available  for 
estimating  the  clearance  required  between  dissimilar 
controls. 

The  position  of  each  control  relative  to  an  associated 
display  should  be  consistent  within  a piece  of  equip- 
ment. The  controls  should  be  pluced  where  they  do  not 
interfere  with  the  operator’s  view  of  the  display.  The 
normally  accepted  location  for  a control  is  immediately 
below  its  associated  display. 

Proper  control  placement  within  the  work  area  depends 
on  several  principles; 

• Frequency  of  Use-The  most  frequently  used  controls 
go  in  the  most  convenient  locations.  Large  groups  of 
important  but  infrequently  used  controls,  such  as 
those  for  setting  up  a computer,  can  be  placed  on 
panels  that  slide  down  into  the  control  console  when 
not  in  use.  Controls  used  for  maintenance  should  not 
be  accessible  during  normal  operation. 


The  starting  point  for  laying  out  the  controls  for  a new 
display  device  is  recognition  that  the  designer  and  the 
future  user  have  different  points  of  view.  The  operator’s 
interest  is  limited  to  using  the  device  as  a tool  to 
perform  some  task.  Unlike  the  designer,  he  does  not 
know  and  will  seldom  care  about  its  internal  workings. 
The  control  panel  should,  therefore,  make  operation  of 
the  device  obvious  and  straightforward  to  the  user. 
Minimal  dependence  should  be  placed  on  manuals  or 
special  training. 


• Function-Controls  related  to  a single  function  go  »n 
a group,  not  intermixed  with  controls  for  ether 
functions.  Panic  controls,  such  as  an  emergency 
shutdown,  should  be  isolated  and  easily  accessible. 

• Sequence  of  Use -Controls  normally  used  in  sequence 
should  be  arranged  in  a pattern,  preferably  ordered 
from  left  to  right  and  top  to  bottom. 

• Consistency-Sets  of  simiiar  controls  should  have  a 
consistent  arrangement.  If  there  are  two  sets,  one  to 
each  side  of  the  operator,  and  they  contain  only  a 
few  controls,  minor  symmetry  is  as  acceptable  as 
identical  arrangement. 

• Logical  Pattern-lf  there  is  a logical  pattern  that  can 
be  imposed  on  the  controls  to  make  their  locations 
more  meaningful  to  the  operator,  it  should  be 
followed.  Possibilities  include  the  geometrical 
arrangement  of  the  controlled  elements  and  the 
positioning  of  computer  setup  controls  according  to 
mathematical  value. 

• Visual  Access-lf  the  display  user  must  visua'ly  check 
the  control  setting,  it  should  be  conveniently  visible 
from  the  user’s  normal  head  position. 
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0.3.2  IDENTIFICATION 

Ideally,  controls  will  be  identified  adequately  so  that  the 
user  will  know  the  purpose  of  each  control  before  he 
activates  it.  While  learning  to  operate  the  device,  he  will 
depend  primarily  on  the  labeling  to  establish  the 
function  of  each  control.  After  becoming  familiar  with 
the  device,  however,  he  will  reach  for  each  control  more 
or  less  automatically,  relying  on  his  memory  of  its 
location  and  shape. 

Because  individuals  differ  in  how  they  associate  controls 
with  the  elements  they  control,  redundant  identification 
of  controls  is  desirable.  In  one  prototype  instrument,  the 
association  was  indicated  three  different  ways^  by 
relative  location,  by  color,  and  by  a number  code. 
Among  the  several  operators  of  the  equipment,  all  three 
methods  were  used  (Ref.  4). 

Labels  as  a means  of  identifying  a control  are  covered  in 
Section  6.4.  The  use  of  control  location  for  this  purpose 
is  treated  in  Sccuon  6.3.1.  Other  methods  include  shape 
and  color. 

Color  tj  much  less  effective  than  location  or  shape  as  a 
means  of  identifying  controls.  This  is  particularly  true  at 
the  low  ambient  illumination  levels  typical  in  areas 


where  imagery  displays  are  used.  As  the  operator 
becomes  familiar  with  the  display,  he  depends  less  on 
vision  to  determine  which  control  he  is  about  to  operate. 
Single-color  coding  should  be  limited  to  red,  orange, 
yellow,  green,  and  blue  (Ref.  S).  Red  is  classically 
associated  with  danger  and  in  most  applications  shou'd 
be  reserved  for  this  use. 

Any  control  that  may  be  used  while  the  operator  is 
looking  at  the  image  in  the  display,  rather  than  at  the 
control,  should  be  selected  and  positioned  for  blind  use. 
The  most  important  consideration  is  to  place  the  control 
where  it  is  not  likely  to  be  confused  with  any  other 
control.  A separation  of  125  mm  (5  in)  is  generally 
considered  adequate  (Ref.  S),  but  if  use  of  the  wrong 
control  might  have  serious  consequences,  a larger  separa- 
tion is  desirable.  Shape  coding,  as  is  described  in  Figure 
6.3-3  below,  is  a very  desirable  technique  for  reducing 
confusion  between  controls.  Unfortunately,  it  is  often 
rejected  on  aesthetic  grounds  just  when  it  is  most 
needed.  Probably  the  most  common  example  is  the 
automobile  dashboard,  where  headlight  and  w<ndsldeld 
wiper  controls  are  usually  identical  in  shape  and  very 
close  together. 


Figure  6.3-3.  Shape-Coded  Knobs.  Optimum  shapes  to 
facilitate  identification  of  knobs  by  touch  have  been 
determined  experimentally  (Ref.  6).  Although  most  are 
not  made  commercially,  these  shapes  can  be  used  as  a 
guide  when  selecting  from  among  available  designs.  If 
operation  without  visual  reference  to  the  controls  is  neces- 
sary, separate  adjacent  controls  by  125  mm  (5  in). 
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6.3.3  DIRECTION  OF  MOTION  STEREOTYPES 

one  control/irnagery  motion  relationship  over  the  other, 
either  is  acceptable.  Where  more  than  one  display  is  used 
by  an  operator,  however,  consistency  is  important. 

In  many  other  control/display  situations,  but  not  in  all, 
population  stereotypes  have  been  established.  These  are 
considered  below.  Wiiere  no  stereotype  exists,  or  when  a 
stereotype  cann  tt  be  followed,  and  an  incorrect  control 
movement  could  have  an  undesirable  effect,  the  control 
irtrst  be  labeled  to  indicate  the  type  of  response  that  will 
occur.  This  would  apply,  for  example,  to  a machine 
screw  with  a left-hand  thread. 

Direction  of  motion  stereotypes  vary  among  countries. 

In  England,  for  example,  a toggle  switch  would  be 
turned  on  by  moving  it  downward,  rather  than  upward 

as  illustrated  in  Figure  6.3-4.  ; 

I 

Figure  6.3-4.  Typical  Control  Response  Stereotypes.  The  | 

response  generally  expected  from  the  illustrated  control  , 

actions  is  for  the  equipment  to  turn  on,  the  output  to 

increase,  or  motion  forward,  clockwise,  up  or  to  the  right  i 

(Ref.  7). 


( 


Figure  6.3-5.  Moving  Scalo/Fixed  Pointer  Displays.  There  ( 

is  no  consistent  stereotype  for  this  style  of  device.  The  j 

military  standard  for  human  engineering  requires  clockwise  j 

rotation  to  increase  the  scale  value,  but  this  is  achieved  by  ! 

scale  motion  in  the  dirertion  opposite  to  knob  rotation  in  ' 

(a)  and  (b)  (Ref.  8).  Test  subjects  preferred  and  made  i 

fewer  errors  with  design  (c),  in  which  the  scale  setting  j 

decreased  with  clockwise  rotation  (Ref.  9).  Design  (d)  is  I 

the  only  moving  scale  knob  available  from  one  major  elec-  ' 

tronic  equipment  supplier  (Ref.  10).  Most  thumbwheels  ; 

are  arranged  as  in  (e).  VWth  *he  exception  of  thumbwheels,  ■ 

vdiich  may  be  required  be  ai’se  of  their  special  features,  i 

and  design  (d),  in  which  the  relationship  between  the  con-  ■ 

trol  and  the  display  is  obvious,  moving  scale-fixed  pointer  | 

dcsions  should  be  avoided.  > 


I 


An  operator  will  generally  expect  a particular  control 
action  to  produce  a particular  kind  of  change  in  the 
controlled  element.  For  example,  clockwise  rotation  of 
the  steering  wheel  normally  causes  a turn  to  the  right. 
Equipment  designed  in  accordance  with  these  expecta- 
tions will  be  operated  faster  and  with  fewer  errors, 
particularly  as  operators  are  learning.  However,  these 
expectations  are  based  on  experience  and  are  therefore 
subject  to  change  as  a result  of  new  experiences. 

Probably  the  most  important  element  that  moves  in  an 
imagery  display  is  the  imagery  itself.  With  a lever-type 
control,  the  designer  must  choose  between  “with”  and 
“against”  motion  of  the  image.  Actually  this  distinction 
is  arbitrary,  since  noers  seem  to  be  able  to  think  in  terms 
of  moving  eithei  *he  imagery  or  the  viewing  device.  In 
the  absence  of  te,t  data  demonstrating  the  superiority  of 
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6.3.3  DIRECTION  OF  MOTION  STEREOTYPES  (CONTINUED) 


MOVING-POINTER  FIXED-SCALE  DISPLAYS 


Figure  6.3-6.  Control/Df:play  Configuruions  for  Which 
Stereotypes  Exist.  Experimental  evidence  indicates  that 
the  illustrated  control/display  relationships  will  be 
expected  by  most  users  (Ref.  11). 

Many  other  configurations  involving  knobs  and  levers, 
and  almost  all  push-pull  controls,  failed  to  yield  any 
consistent  stereotype. 


Figure  6.3-7.  Common  Controls  That  Do  Not  Match  the 
Population  Stereotype.  Through  usage,  devices  with  a 
control/display  relationship  contrary  to  the  stereotype 
observed  in  the  laboratory  can  become  accepted.  In  a 
sense,  the  pushbutton  telephone-calculator  keyboard  con- 
flict (Figure  6.2-27)  is  a similar  situation  (Ref.  12). 
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e.C.4  CONTROL  SETTING  INDICATION 

The  setting  of  a control  sliould  be  obvious  either  from 
the  status  of  the  display  or  from  the  appearance  of  the 
control.  Avoid  parallax  between  a rotary  control  pointer 


6.3.5  SPECIAL  REQUIREMENTS 

Several  special  features  of  controls  sometimes  require 
consideration. 

Damage  Controls  in  certain  locations  are  particularly 
susceptible  to  damage  and  should  be  protected  by 
recessing  or  guards.  Examples  are  controls  located  where 
they  would  be  struck  by  the  armrest  on  an  operator’s 
chair  or  devices  moved  frequently  from  room  to  room 
which  miglit  be  struck  against  the  edge  of  a door. 

Accidental  Activation-A  control  may  be  actuated  by 
mistake  because  it  is  close  to  a frequently  used  control 
of  similar  shape,  or  simply  because  it  is  where  the 
operator  rested  his  elbow.  Nume.'ous  methods  can  be 
used  to  prevent  this; 


and  scale  by  using  a knob  shape  that  places  the  pointer 
in  nearly  the  same  plane  as  the  scale  marks. 


- Recess  the  control  or  provide  a guard. 

- Provide  a cover. 

- Use  an  interlock,  such  as  a lift-to-throw  toggle. 

- Use  a different  control  type,  such  as  a rotary  knob 
instead  of  a pushbutton. 

Operator  Comfort-Use  controls  with  rounded  edges  to 
prevent  operator  discomfort.  The  most  frequent 
offenders  are  small,  sharp  tabs  on  thumbwheels  and 
sharp^edged  teardrop-shaped  rotary  knobs. 

Display  Response -Tlic  response  to  a control  input,  such 
as  a change  in  focus  or  7oom  magnification,  should 
occur  as  rapidly  as  possible  after  the  control  input 
occurs.  This  is  primarily  a problem  in  servomechanisms. 
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A'i  used  here,  the  term  “secondary  display”  applies  to 
any  display  not  used  for  viewing  imagery.  Secondary 
visual  displays  are  used  primarily  to  present  information 
in  alphanumeric  or  graphic  form,  as  on  a CRT,  a 
microfiche  projector,  or  a diM;ret«  alphanumeric  device, 
or  to  present  information  about  discrete  events,  as  in  the 
case  of  an  indicator  lamp. 

In  a sense,  the  collateral  or  reference  materials  used  by 
tlte  image  interpreter,  such  as  maps,  target  keys,  and 
printed  reports,  also  constitute  secondary  displays.  In 
most  cases,  however,  the  display  designer  is  concerned 
with  these  materials  only  to  the  extent  of  integrating  a 
location  for  viewing  them  into  the  display  workstation. 

Tlie  emphasis  in  this  section  is  on  the  kinds  of  secondary 
displays  most  commonly  found  on,  or  in  association 


with,  imagery  displays.  Information  on  the  design  of  the 
displays  such  as  the  following  can  be  found  in  the 
indicated  references; 

• Mechanical  counters  (Ref.  1). 

* Scales,  as  used  on  meters  and  dials  (Ref.  2). 

In  some  cases,  it  will  be  more  reasonable  for  the  designer 
of  an  imagery  display  to  select  from  among  the  many 
commercially  available  secondary  displays,  rather  than 
design  one  himself.  Therefore  Section  6.4.1  includes  a 
discussion  of  techniques  for  evaluating  seconuary  dis- 
plays used  to  present  symbolic  information.  Although 
these  appear  in  the  section  discussing  CRT’s,  they  apply 
equally  to  discrete  alphanumeric  displays  (Section 
6.4.2). 
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6.4.1  CATHODE  RAY  TUBES  (CRT'i) 

RECOMMENDATIONS: 


Use  the  Lincoln/Mitre  font,  or  one  proven  equally  legible  in  tests.  Keep  in  mind  that  even  a good  font  can 
be  poorly  implemented  within  a particular  device,  making  a legibility  evaluation  of  the  final  design  very 
important. 

For  short  messages  or  when  characters  must  be  identified  out  of  context,  use  only  uppercase  alphanumeric 
characters.  For  extended  passages  of  text,  add  lowercase  characters. 

For  alphanumeric  and  a small  number  cf  special  symbols,  a 5 by  7 dot  matrix  is  adequate.  If  more  than  a 
half  dozen  special  symbols  are  required,  if  symbols  are  printed  over  each  other,  if  extreme  accuracy  is 
required  under  a heavy  workload,  or  if  both  uppercase  and  lowercase  letters  are  required,  increase  the  dot 
matrix  size  to  at  least  7 by  9 or  go  to  a random-position  stroke  technique. 


For  closed-circuit  television  viewing  of  hard-copy  alphanumeric  characters,  provide  at  least  10  raster  lines 
across  each  character  and  position  the  display  so  that  each  character  subtends  at  least  12  and  preferably 
15  arc  minutes.  If  special  symbols  are  involved  or  if  extremely  high  reading  accuracy  is  necessary,  each 
parameter  should  be  increased  by  20  to  40  percent.  Requirements  for  low-contrast  symbols,  as  will  occur 
on  some  maps,  should  ha  determined  experimentally. 


Symiiols  ciisplaycd  on  CRT’s  fall  into  two  categories, 
alphanumeric  and  special.  Tlie  latter  rani.e  from  simple 
punctuation  marks  to  complex  symbols  used  only  in 
particular  applications  (Ref.  3).  As  sym’ools  become 
more  complex,  the  number  of  display  resolution  ele- 
ments necessary  to  make  them  legible  increases. 

Tlie  emphasis  in  this  section  is  on  the  impact  of 
alphanumeric  character  style,  or  font,  on  legibility. 
Althoiigb  a few  sets  of  special-purpose  symbols  have 
been  published  (Ref.  3).  symbol  reading  errors  depend 
so  heavily  on  what  other  potentially  confusing  symbols 
arc  in  the  set  of  symbols  in  use  that  legibility  testing  of 
the  seiccied  set  is  usually  necessary. 

Uppcrca.se  alphanumeric  characters  can  be  read  more 
accurately  under  marginal  conditions  than  lowercase 
characters  (Ref.  4,C),  probably  because  they  are  larger. 
As  a result,  they  Jiould  be  used  whenever  characters 
must  be  recognized  with  extreme  accuracy  or  when  they 
must  be  read  out  of  context.  Tire  combination  of 
uppercase  and  lowercase  characters  provides  information 
about  the  structure  of  text  material.  Tliis  combination 
should  b.-  retained  in  displays  when  large  quantities  of 
text  material  must  be  read  and  when  the  display 
rcsolu'ion  is  adequate  for  lowercase  characters. 

Within  and  between  characters,  the  dimensions  generally 
found  acceptable  are  cs  follows: 


• A stroke  width  of  7 to  20  percent  of  character  height; 
values  less  than  13  percent  may  be  less  tolerant  to 
very  difficult  viewing  conditions  (Ref.  5).  Tlicse 
values  are  based  on  hard-copy  displays. 

• A character  width  of  50  to  100  percent  of  character 
height  has  generally  been  found  acceptable  (Ref.  61. 
Again,  these  values  are  based  on  tests  with  hard-copy 
displays. 

• Horizontal  space  between  characters  equal  to  20  to 
35  percent  of  character  heiglit  and  vertical  spacing 
between  lines  equal  to  50  to  100  percent  of  character 
height,  with  a minimum  value  of  30  percent,  is 
suggested  (Ref.  7).  These  values  are  typical  and 
pleasing  in  appearance.  Fairly  large  deviations  are 
unlikely  to  have  much  effect  on  performance. 

A line  length  of  60  to  80  characters  for  text  and  20  to 
40  characters  for  data  entry  has  been  suggested  (Ref. 
8).  These  values  are  based  on  experience  in  developing 
computer-controlled  alphanumeric  displays.  No  relevant 
experimentation  is  known. 

The  symbol  characteristics  necessary  to  ensure  legibility 
on  a CRT  display  depend  in  part  on  which  of  two  basic 
methods  is  used  to  generate  the  symbols.  One  method  is 
to  use  closed-circuit  television  with  a hard-copy  image 
such  as  printed  text  or  a map.  This  is  the  technique 
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represented  in  Figure  6.4-1.  \V1ien  the  information  to  be 
displayed  exists  in  digital  Ibrin,  the  symbols  can  be 
generated  electronically  '.vithin  the  display.  Because  it 
eli.ninatcs  misregistration  between  raster  lines  and  sym- 
bol elements,  the  latter  approach  makes  more  efficient 
use  of  the  disolay. 

For  well-shaped  uppercase  alphanumeric  characters 
viewed  on  closed-circuit  television,  10  raster  lines  across 
each  character  have  generally  resulted  in  acceptable 
legibility  (Ref.  9).  Adequate  visual  si/.c  is  also  necessary, 
as  is  illustrated  in  Figure  6.4-1.  A reasonable  minimum 
size  would  appear  to  he  at  least  12  arc  minutes,  with  a 
preferred  value  of  at  le^st  15  arc  minutes.  (Uppercase 
characters  on  this  page  subtend  an  angle  of  15  arc 
minutes  at "^Sdistance  of  about  45  cm,  or  18  in.)  For 
special  symbols,  more  raster  lines  have  been  found 
necessary.  In  one  study  16  raster  lines  and  16  arc 
minutes  across  each  symbol  yielded  maximum  perform- 
ance (Ref.  10).  A less  adequate  alphanumeric  character 
font  may  also  require  more  raster  lines.  Maximum 
legibility  of  typewritten  characters  of  uispecified  font, 
for  example,  requiied  14  to  18  raster  1 nes  and  18  to  21 
arc  minutes  (Ret.  1 1,D). 

. V‘  V 

Electroniccharacter  generation  techniques  fall  into  three 
categories,  dot  matr.x,  stroke  matrix,  and  random 
position  stroke.  Each  category  can  be  further  subdivided 
according  to  the  size  of  the  matri.x  or  the  number  of 
random  position  strokes.  Common  dot-matrix  sizes,  for 
example,  are  5 by  7,  7 by  9,  and  7 by  II.  Odd  numbers 
are  usually  used  to  allow  character  symmetry  and  to 
allow  character  elements  to  be  centered. 

I 

The  different  character  generation  techniques  and 
matrix  sizes  have  been  compared  in  several  studies  of 
alphanumeric  character  legibility.  The  results  are: 

• A 3 by  5 dot  matrix  produced  only  marginally  legible 
characters  (Ref.  I2,X) 

• Using  the  lincoln/Mitre  font,  a 5 by  7 dot  matrix  was 
read  as  accur.itely  and  was  almost  as  fast  as  a 7 by  II 
dot  matrix  (Ref.  12,X).  Tliis  result  held  for  the  two 
displayed  character  sizes  tested,  6 and  22  arc  minutes. 
Comparing  the  two  sizes,  6-arc-minute  characters 
yielded  a drop  in  accuracy  from  about  98  to  94 
percent,  and  a drop  in  speed  from  about  170  to  70 
characters  per  minute. 


• Using  the  Lincoln/Mitrc  font,  random-position 
strokes  drawn  wiihin  a 5 by  7 or  9 by  9 matrix  were- 
read  more  accurately  and  fastei  than  a 7 by  11  dot 
matrix  when  the  alphanumeric  symbols  were  printed 
over  one  another  (Ref.  13,X).  The'-e  was  no  perform- 
ance difference  when  they  were  not  overprinted. 

• Using  a different  font  and  different  viewing  condi- 
tions, a 7 by  9 dot  matrix  was  read  more  accurately 
and  faster  than  a 5 by  7 dot  matrix  (Ref.  14,C).  It 
was  also  faster  and  more  accurate  than  a 7 by  9 dot 
matrix  in  which  the  dots  were  stretched  horizontally. 

Reference  14  also  included  a comparison  bet  veen  dot 
matrix  and  stroke  written  characters.  Unfortunately,  a 
different  font  was  used  with  each  construction  tech- 
nique, making  it  impossible  to  draw  any  conclusions 
from  the  results. 

The  most  thoroughly  studied  CRT  alphanumeric  font  is 
the  Lincoln/Mitre  (Figure  6.4-2).  Several  others  have 
also  been  developed  (Ref.  15)  but  there  is  no  known 
direct  experimental  comparison  between  any  of  them 
and  the  Lincoln/Mitre  design.  In  the  absence  of  such 
data,  the  Lincoln/Mitre  is  recommended  because: 

• Even  when  it  is  displayed  in  a simple  5 by  7 dot 
matrix,  it  is  essentially  100  percent  recognizable 
under  good  viewing  conditions  (Ref.  16,X). 

• Two  competing  fonts  ate  those  developed  by  the 
Royal  Aircraft  Establishment  (RAE)  and  Varta- 
bedian.  An  experimental  comparison  of  the  RAE  and 
Vartabedian  fonts  indicated  the  RAE  was  superior 
(Ref.  17,C),  and  visual  inspection  of  the  RAE  font 
suggests  that  several  possible  confusions,  such  as  C/0 
and  2/Z,  are  more  likely  with  it  than  with  the 
Lincoln/Mitre  (Ref.  18). 

• For.iS  utilizing  grossly  distorted  letters  and  numerals, 
such  as  the  Lansdell  and  Foley  fonts  (Ref.  19),  can 
reduce  confusion  between  characters.  However,  these 
are  more  difficult  to  learn,  they  are  difficult  to 
reproduce  electronically,  and  they  are  unlikely  to 
retain  any  advantage  when  combined  with  a large 
number  Oi"  special  symbols. 

Although  the  Lincoln/Mitre  font  is  recommended  here, 
any  other  font  is  also  acceptable  if  it  is  demonstrated  to 
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be  either  adequately  legible  for  the  intended  task,  or  as 
legible  as  the  Lincoln, 'Mitre  font.  It  is  also  important  to 
remember  that  the  Lincoln/Mitre  font  illustrated  in 
Figure  6.4-2  must  be  modified  to  fit  within  the  symbol 
generation  capability  of  the  dispLy.  and  this  can  have 
considerable  impact  on  legibility.  It  would  not  be 
difficult,  for  example,  to  fit  the  Lincoln/Mitre  font  into 
a 5 by  7 dot  matrix  in  a manner  that  would  increase  the  t 
chance  of  reading  mistakes. 

Most  alphanumeric  character  reading  errors  involve 
confusions  between  only  a few  of  the  characters  in  the 
set.  Some  of  the  more  common  confusions  are  lis.ed 
below. 

0(letler)/(Xnumeral) 

l(lettcr)/l(numeral) 

B/8 

S/5 

A/4 

C/D/G/Q/0 

u/v/w 


High  symbol  contrast  is  important  for  good  legibility. 
The  largest  problem  is  usually  not  with  'he  contrast  of 
the  display,  but  with  the  amount  of  contrast  reduct'on 
because  of  reflected  ambient  light.  The  principal  ways  of 
controlling  this  loss  are  as  follows: 

• Install  an  antireflection  screen  over  the  CRT  face 
(Ref.  20  and  Section  4.4.3). 

• Use  a transpaient  phosphor  in  the  CRT. 

• Shield  the  CRT  face  from  ambient  light. 

• Reduce  the  level  of  ambient  light  in  the  work  area. 

• Increase  the  display  'uminance  so  that  the  contrast 
loss  is  less. 

Most  CRT  legibility  test  data  have  been  collected  on 
symbols  displayed  near  the  center  of  the  display. 
Resolutio'”  ;■  ss  near  the  periphery  of  most  CRT’s  and 
an  allov'.r.)' should  be  made  for  this  reduction  when 
setting  I *c  urement  criteria.  One  study  s.  sts  a size 
increase  o -0  percent  is  required  (Ref.  21).  This  value  is 
highly  dependent  on  the  particular  display  used. 


In  many  instances  it  may  be  more  appropriate  to 
purchase  a commercially  available  CRT  display  ins'ead 
of  designing  one.  In  this  situation,  it  may  be  necessary  to 
perform  tests  to  establish  that  the  displayed  characters 
are  adequately  legible.  Tlie  remainder  of  section  6.4.1  is 
devoted  to  this  topic. 

First,  the  in...ided  d^'play  function  must  be  studied  to 
determine  what  level  of  legibility  is  required.  Tlie  least 
legibility  is  required  fur  reading  text  because  potential 
uncertainly  about  a particular  symbol  is  usually  elimi- 
nated by  viewing  it  in  context.  The  most  stringent 
legibility  requirement  is  imposed  when  individual  sym- 
bols must  be  identified  with  near  total  certainty.  Most 
military  command  and  control  display  tasks,  and  many 
nonmilitary  tasks,  fall  into  the  latter  category. 

Repetitive  tasks,  such  as  reading  characters  from  a 
display  during  a test  or  routine  work  situation,  almost 
always  result  in  a few  errors.  Therefore,  a legibility  test 
criterion  of  zero  errors  is  unlikely  to  be  obtained  in  any 
test  situation,  no  matter  how  good  the  display.  A 
reasonable  success  criterion  must  therefore  allow  a few 
errors.  One  organization  active  in  designing  and  evalu- 
ating military  displays  has  proposed  the  following 
legibility  criteria  for  experienced  subjects  reading  charac- 
ters on  displays  intended  for  military  applications  (Ref. 
22): 

• At  least  97  percent  of  responses  must  be  correct. 

• No  more  than  0..3  percent  of  total  respon'^es  can  be  in 
error  because  of  confusion  between  any  particular 
pair  of  symbols,  nor  more  than  0.45  percent  because 
of  confusions  with  any  single  symbol. 

• The  reading  speed  must  be  at  least  1 SO  alphanumeric 
chL.  acters  or  50  special-purpose  symbols  per  minute. 

A completely  realistic  evaluation  of  display  legibility  is 
not  possible  because  there  is  no  way  to  recreate  worst 
case  conditions  of  room  illumination,  distraction  from 
■ ’er  tasks  and,  perhaps,  boredom.  One  approach, 
instead  of  attempting  to  predict  performance  in  a work 
situation,  is  to  select  the  display  that  is  most  resistant  to 
a reduction  in  legibility  when  viewing  conditions  are 
degraded.  For  example,  the  test  subject  can  be  placed 
farther  than  normal  from  the  display,  or  each  symbol 
can  be  exposed  for  only  a small  fraction  of  a second.  In 
theory  at  least,  whichever  display  is  best  under  these 
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degraded  conditions  will  also  be  least  likely  to  be  lead 
incorrectly  during  regular  use. 

A crude  evaluation  of  this  type  can  be  conducted  by 
displaying  selected  symbols  and  having  a subject  attempt 
to  identify  them  as  he  moves  closer  to  the  display.  His 
errors,  and  the  maximum  viewing  distance  at  which  eav-h 
character  can  be  read  correctly , will  provide  a good  basis 
tor  comparing  different  symbol  sets  and  different 
displays.  Using  these  data  to  decide  whether  a particular 
display  is  sufridently  legible  is  difficult  because  it 
requires  a largely  arbitrary  selection  of  a specific 
criterion.  In  the  absence  of  any  accepted  standard,  it  is 
suggested  that  on  a good  display,  subjects  who  are  not 
pressured  by  time  requirements  should  be  able  to  lead 
symbols  with  .tear  perfect  accuracy  at  a viewing  distance 
at  least  twice  that  used  during  normal  operation. 

The  following  guidelines  should  be  used  when  testing  the 
legibility  of  a group  of  displays; 

• Use  test  subjects  with  normal  vision. 


• Allow  the  subjects  time  to  become  familiar  with  the 
font.  Otherwise  they  won’t  know  whether  a circle 
with  a slash  through  it  indicates  a zero  or  the  letter  0 
{Ref.  23), 

• Provide  training  if  special  symbols  are  involved  and 
lest  to  establish  that  the  training  was  successful. 

• Test  near  the  periphery  of  the  display , as  well  as  near 
the  center. 

• Test  under  worst  case  lighting  conditions. 

• Unless  it  is  not  relevant  to  the  expected  display 
application,  test  with  individual  characters  so  that 
context  cues  are  eliminated. 

V/hen  evaluating  the  legibility  of  a set  of  characters,  it  is 

important  to  remember  that  judgments  of  relative 

legibility  may  not  match  the  results  of  performance  tests. 
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Figure  6.4-1.  Interaction  Between  Raster  Lines  Across 
a Symbol  and  Symbol  Size.  When  symbols  are  dis- 
played  on  closed-circuit  television,  there  is  a limited 
interaction  between  :he  number  of  raster  lines  across  the 
symbol  and  the  visual  size  of  the  symbol.  The  uppar 
part  of  this  figure  illustrates  results  combined  from  three 
different  studies.  The  plotted  points  indicate  the  num- 
ber of  raster  lines  and  the  symbol  height  necessary  to 
obtain  95-perccnt  correct  responses  in  each  of  the  three 
studies.  These  were  obtained  by  interpolatio.t  between 
curves  fit  to  the  original  observed  data  points  (Ref. 

24, X).  The  upper  (95  percent)  curve  shown  here  was 
then  fit  to  these  plotted  points  (Ref.  24, X).  The  90  and 
80  percent  curves  were  developed  in  the  same  fashion. 

The  lower  pail  of  the  figure  is  from  a single  study  and  is 
presumably  based  on  a similar  manipulation  of  the  test 
data  (Ref.  25,X).  The  solid  and  dashed  curves  refer  to 
two  different  character  fonts. 

Depending  on  the  accuracy  required  and  on  the  relative 
availability  of  raster  lines  and  display  visual  size,  these 
two  figures  suggest  the  need  for  providing  at  least  8 to 
10  raster  lines  across  each  symbol  and  of  displaying 
each  symbol  at  angular  sizes  of  at  least  12  to  15  arc 
minutes.  To  provide  a safety  margin,  these  figures 
should  be  increased  somewhat. 


Figure  6.4-2.  The  Lincoln/Mitre  Font.  This  figure 
illustrates  the  Lincoln/Mitre  font  developed  for  use  on 
electronic  displays  (Ref.  26).  Although  it  has  not  been 
demonstrated  to  be  the  best  font  in  existenc.^  for  this 
purpose,  no  other  font  has  been  demonstrated  to  be 
superior;  furthermore,  it  has  the  advantage  of  having 
been  extensively  tested  on  electronic  displays. 

Note  that  this  font  will  change  shape  considerably, 
depending  on  the  characteristics  of  the  display  and  on 
how  it  is  adapted  to  the  display.  As  a result  one  version  on 
a 7 by  9 dot  matrix,  for  example,  may  be  more  legible 
than  a different  version  on  the  same  matrix. 
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6.4.2  DISCRETE  ALPHANUMERIC  DISPLAYS 

RECOMMENDATIONS: 

Provide  a visual  angle  of  at  least  15  and  preferably  45  arc  minutes  across  the  vertical  dimension  of  discrete 
alphanumeric  displays. 

Use  a display  device  that  has  a high  contrast  under  all  expected  lighting  conditions. 

Use  displays  in  which  the  numerals  are  made  up  from  a matrix  of  seven  straight  segments  only  where  these 
offer  an  advantage  over  more  traditionally  shaped  numerals.  This  advantage  need  not  be  large. 


Considering  the  popularity  of  discrete  alphanumeric 
displays,  particularly  tlic  lijjht  emitting  diode  (LED)  and 
the  liquid  crystal  display  (LCD),  there  is  a surprising  lack 
of  test  data  on  the  conditions  under  which  these  displays 
are  legible  and  on  the  relative  legibility  of  different 
designs.  The  few  studies  known  are  summarized  below 
They  are  limited,  unfortunately,  to  numeric  rather  than 
alphanumeric  displays.  If  letters  must  also  be  displayed 
and  the  complexity  of  a CRT  is  not  warranted,  then 
selection  of  a character  style  should  depend  on  the  same 
factors  as  are  discussed  in  Section  6.'^.!. 

A well-shaped,  higli-contrast  discrete  alphanumeric  sym- 
bol should  be  legible  at  about  the  same  height  at  which  a 
CRT  character  is  legible,  about  IS  arc  minutes  (Section 
6.4.1).  However,  the  very  small  amount  of  data  available 
on  such  devices,  which  unfortunately  are  based  on  an 
obsolete  design,  indicates  that  under  time  pressure, 
symbols  subtending  30  arc  minutes  are  considerably 
more  legible  than  those  subtending  15  arc  minutes  (Ref. 
27,X). 

There  are  application  differences  which  suggest  that  a 
discrete  alphanumeric  character  probably  should  be 
larger  than  one  displayed  on  a CRT.  CRT  displays  are 
generally  used  for  large  quantities  of  information,  and  in 
order  to  display  as  much  as  possible  at  one  time,  there  is 
a need  to  use  the  smallest  characters  that  are  adequately 
legible.  Discrete  alphanumeric  displays,  howevei,  are 
usually  used  for  much  smaller  messages,  eliminating 
much  of  the  advantage  of  extremely  small  characters. 
Therefore,  such  characters  should  generally  be  made 
easier  to  read  by  making  them  at  least  30  and  preferably 
45  arc  minutes  high.  An  ideal  display  size,  for  a panel 
viewed  from  70  cm  (28  in),  is  9.5  mm  (0.375  in),  which 
results  in  a visual  size  of  46  arc  minut.'s. 

Many  modern  numeric  displays  consist  of  seven  seg- 
ments that  can  be  illuminated  in  app.^oprlate  combina- 


tions to  obtain  the  numerals  0 through  9.  In  one  study, 
numerals  made  up  of  from  two  to  seven  of  the  seven 
straight  segments  in  a matrix  were  compared  with 
traditionally  shaped  numerals  drawn  with  both  straight 
and  curved  lines  (Ref.  28,B).  The  segmented  numerals 
were  more  difficult  to  read  under  time  pressure,  but 
when  the  time  pressure  was  relaxed,  there  were  no 
differences.  WTiether  the  differences  observed  would 
persist  with  practice  was  not  evaluated.  In  any  case,  they 
were  not  sufficiently  large  to  preclude  use  of  seven- 
segment  numerals  whenever  they  offer  some  significant 
benefit,  such  as  cost  reduction  or  increased  reliability.  In 
addition,  it  is  likely  that  their  extensive  use  in  calcu- 
lators and  digital  watches  will  soon  make  them  as 
familiar  to  most  users  as  the  more  traditional  numeral 
shapes. 

Two  other  studies  in  which  numeric  displays  were 
compared  serve  to  demonstrate  the  importance  of 
maintaining  contrast  in  self-luminous  displays.  Of  the 
three  display:  tested  in  one  study,  the  one  that  proved 
most  difficult  to  read  was  that  in  which  each  of  the  10 
numerals  was  engraved  on  a separate  plastic  plate,  in  a 
stack  of  10,  and  the  plate  containing  the  numeral  to  be 
displayed  was  illuminated  fr,;m  the  side  (Ref.  29, B). 
This  display  was  more  difficult  to  read  apparently 
because  of  liglit  reflected  from  intervening  plates. 
Because  there  are  so  many  good  alternatives,  this  type  of 
display  should  be  avoided. 

The  second  study  was  considerably  more  ambitious  in 
that  it  compared  nine  different  numeric  displays,  many 
of  which  are  currently  popular  (Ref  30).  Both  reading 
time  and  accuracy  were  measured.  The  results,  unfor- 
tunately, are  somewhat  difficult  to  interpret.  The  two 
best  displays  both  consisted  of  a pattern  of  dots 
arranged  much  like  a seven-segment  display,  but  with  the 
individual  dots  controllable  so  that  slightly  better  shaped 
characters  could  be  obtained.  Tlie  better  of  these  two 
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6.4.2  DISCRETE  ALPKANUMERIC  DISPLAYS  (CONTINUED) 


was  u red  LED  witli  a reported  luminance  that  was 
lower,  by  a factor  of  15,  than  any  of  the  other  eight 
displays.  It  is  not  clear  why  this  did  not  cause  any 
reduction  in  legibility.  There  was  some  indication  the 
authors  intended  to  discuss  this  problem  further  after 
making  more  luminance  measurements. 

■file  worst  of  the  nine  displays  was  another  seven- 
segment  LED,  the  popular  MAN-1  made  by  Monsanto. 
The  seven  segments  were  straiglU  lines,  which  may  have 
made  the  numerals  more  difficult  to  read.  Much  more 
important  was  the  fact  that  this  display  did  not  include 
the  red  filter  normally  included  to  prevent  ambient  Mglit 
from  being  reflected  from  unlit  segments  to  the  viewer’s 
eye.  As  a result,  ail  seven  segments  were  always  slightly 
visible. 

The  visibility  of  segmented  alphanumeric  displays  that 
radiate  in  certain  narrow  spectral  regions  can  be 
enhanced  by  the  addition  of  a filler  that  transmits  only 
in  the  same  spectral  region.  When  successful,  this  reduces 
the  amount  of  light  reflected  from  unlit  segments  of  the 
display,  and  from  the  area  surrounding  each  segment. 
This  technique  works  well  with  red  LED’s  and  is 
standard  on  them.  It  is  not  very  successful  with  green 
and  orange  LED’s.  An  analysis  of  the  probable  reasons  is 
available  (Ref.  32). 


Certain  types  of  color-defective  individuals,  specifically 
protanomdous  and  protanopic  individuals  (Figure 
5.2-19),  may  have  difficulty  vdth  red  LED  displays. 
Because  of  their  reduced  sensitivity  in  the  red  region,  the 
effective  luminance  and  hence  the  contrast  of  a ted  LED 
display  is  much  reduced  for  these  individuals  (Ref.  33). 
This  problem  can  be  expected  in  perhaps  2 percent  of 
tlie  male  population  and  0.04  percent  of  the  female 
Dopulation.  It  will  not  occur  with  green  LED’s,  and 
probably  not  with  yellow  ones. 

There  is  some  indication,  thus  far  without  empirical 
substantiation,  that  some  individuals  with  apparently 
normal  color  vision  have  difficulty  viewing  red  LED 
displays  (Ref.  34).  It  is  not  obvious  why  this  should 
occur,  nor  is  it  possible  to  predict  whether  it  will 
eventually  result  in  any  limitations  on  the  use  of  red 
LED’s.  Increasing  the  size  of  the  display  slightly  is 
apparently  an  adequate  solution  (Ref.  .35). 

Tlie  display  evaluation  techniques  described  in  Section 
6.4.1  for  CRT’s  can  also  be  used  with  discrete  numeric 
displays. 
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SECTION  6.4  SECONDARY  DISPLAYS 


6.4.3  INDICATOR  LIGHTS 

Indicator  lights  are  useful  for  displaying  display  status 
inform:!  lion.  They  are  effectively  limi'ed  to  tw  > or 
perhaps  three  states.  If  associated  with  an  operafoi- 
conffolled  function,  they  shouid  show  equipment  status 
not  control  posiii.,.n.  Legend  lights  are  .generally  pre- 
ferable to  ordinary  indicator  lights  becausi*  the  label  and 
the  light  can  share  the  same  panel  area. 

To  ensure  that  they  can  be  easily  seen,  indicator  light 
luminance  should  be  at  least  50  percent  above  the 
highest  expected  surround  luminance. 

Some  means  of  checking  to  see  whether  an  indicator  will 
not  light  because  it  is  burned  out  should  be  provided. 

The  following  color  code  for  indicator  lights  should 
followed  (Ref.  36); 

• Flashing  red  is  used  to  indicate  that  a potential 
hazard  to  personnel,  equipment,  or  imagery  exists 
and  immedi.ite  corrective  action  by  the  operator  is 
required. 


6.4.4  AUDITORY  DISPLAYS 

Auditory  signals  provide  a convenient  means  of  display- 
ing status  information  to  a display  use:  without  increas- 
ing his  visual  load.  They  are  particularly  useful  for 
warning  of  hazardous  conditions  or  of  situations  that 
require  some  response  from  the  operator.  A particularly 
successful  nondisplay  application  has  been  the  use  of  a 
set  of  prerecorded  messages  to  provide  a pilot  with 
specific  information  about  a potentially  hazardous  con- 
dition on  his  airplane. 


• Red  is  used  to  indicate  that  a portion  of  the  display  is 
inoperable  or  that  a condition  exists  that  is  undesir- 
able. It  generally  means  that  some  action  or  special 
caution  on  the  part  of  the  operator  will  be  required. 

• Yellow  is  used  to  indicate  that  a marginal  condition 
exists.  In  a sense,  it  is  like  a red  signal  but  less  severe 
or  critical. 

• Green  is  used  to  indicate  that  satisfactory  conditions 
exist  and  it  is  appropriate  to  proceed. 

• White  is  used  to  indicate  conditions  that  have  no  right 
or  wrong  connotation. 

• Blue  is  used  like  white,  as  an  advisory  light.  Use  of 
blue  should  be  kept  to  a minimum. 

Flashing  lights  of  any  color  should  be  used  only  when  it 

is  necessary  to  atiiact  the  operator’s  immediate  atten- 
tion. A rate  of  3 to  Hz  is  satisfactory. 


Extremely  important  auditory  signals  should  be  at  least 
10  dB  above  the-ambient  noise  level.  They  should  last 
only,5^r  10  seconds,  but  should  then  repeat  until  the 
required  operator  response  occurs.  Operator  shutoff 
should  not  disable  the  signal  so  that  it  will  not  sound  in 
response  to  a new  hazard.  The  volume  control  should 
generally  be  accessible  to  maintenance  personnel  and  not 
to  the  operator. 
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6.5.4  Dependence  on  Lighting 

6.5.5  Character  Design 


6.5.6  Spacing 


SECTION  6.S  LABELS 


NOTE:  Because  this  entire  section  consists  of  recommendations,  they  are  not  listed  separately  here. 


Labels  on  cquinment  may  range  from  the  few  letters  or 
numbers  required  to  identify  a control  or  display  to  the 
several  paragraphs  required  to  describe  critical  operator 
or  maintenance  procedures.  The  recommendations  for 
labels  summarized  here  are  from  a compilation  of 

6.5.1  PURPOSr 

Labels  serve  a number  of  different  functions: 

• Identify  the  function  of  a control,  a display,  or  an 
item  of  equipment. 

• Indicate  the  setting  of  a control  or  the  value  of  a 
display  indication. 

• Instruct  personnel  in  correct  procedures. 

• Warn  personnel  of  potential  Hazards  to  themselves  or 
to  the  equipment. 

Ideally,  labels  should  allow  an  operator  with  minimal 
instruction  to  operate  a new  piece  of  equipment 
successfully  and  without  danger  to  himself  or  the 

6.5.2  LOCATION 

Each  label  should  be  placed  in  unambiguous  association 
with  the  control  or  display  element  to  which  it  refers. 
The  preferred  location  is  immediately  above  the  control 
or  display.  However,  the  most  important  requirement  is 
that  the  label  be  easy  to  read  and  visible  to  the  user  at  all 
times.  Also,  label  location  should  be  consistent  through- 

6.5.3  CONTENT 

Labels  should  consist  of  common  words  that  are  readily 
understood  aiid  ordinarily  used  by  the  expected  opera- 
tors of  the  equipment.  Brevity  is  important,  but  use  of 
abbreviations  and  symbols  should  be  minimized.  When 
used,  abbreviations  and  symbols  should  be  well  known 
and  conform  to  accepted  standards. 

Controls  and  displays  should  be  labeled  according  to 
function.  The  operator  needs  to  know  the  action  nr 
operating  mode  that  will  result  from  control  use,  not  the 
mechanism  involved. 


suggestions  in  several  sources  (Ref.  1),  with  modifica- 
tions where  appropriate  based  on  experience  with 
imagery  displays.  Also,  see  the  discussion  of  character 
style  in  Section  6.4.1. 


equipment.  Two  factors  make  this  goal  difficult  to 
achieve.  First,  the  designer  already  knows  the  function 
of  every  control  and  therefore  has  difficulty  appreciating 
the  problems  of  the  new  user. 

Second,  the  assumption  is  often  made  that  all  u.>ers  will 
have  access  to  and  will  study  the  instruction  manual 
before  operating  the  equipment.  Few  work  environ- 
ments arc  structured  with  enougli  rigidity  to  ensure  that 
this  will  occur.  Tlierefore,  the  labels  should  be  at  least 
marginally  adequate  by  themselves,  and  in  particular, 
should  alert  the  user  of  any  potential  dangers. 


out  the  equipment.  Labels  containing  information  irrele- 
vant to  equipment  operation,  such  as  manufacturer’s 
part  numbers,  trade  names,  maintenance  instructions, 
etc.,  should  be  placed  outside  of  the  operator’s  central 
field  of  view. 


Labels  should  be  consistent  and  unambiguous.  More 
than  one  term  should  not  be  applied  to  the  same  thing. 
For  example,  if  two  rolls  of  film  are  to  be  placed  on  a 
light  table,  the  one  closest  could  be  referred  to  as  the 
Forward,  Front,  or  even  the  Primary  roll,  but  no  more 
than  one  term  should  be  used.  In  this  example.  Front  is 
best  because  Forward  could  be  confused  with  the  film 
obtained  from  the  forward  camera  of  a two-camera 
coliecticn  system,  and  this  might  actually  be  the  film 
that  the  user  would  choose  to  place  at  the  back  of  the 
light  table. 


SECTION  6.5  LABELS 


6.5.4  DEPENDENCE  ON  LIGHTING 

Ijbch  must  be  rcmluble  umJer  ;ill  antieipjied  illuiuiiia- 
tion  conditions.  If  the  illuntination  is  at  least  II  lux  ( 1 .0 
foot  candle),  black  characters  on  a li^tht  panel  arc 
appropriate.  If  operator  adaptation  to  low  li^tht  levels  is 
necessary,  use  of  white  or  self-lumimuis  characters  of 

6.5.5  CHARACTER  DESIGN 

Tlte  legibility  of  a label  depends  on  several  factors; 

• Character  si/e  Recommendations  are  in  Figure  6.5-1 
below, 

• Stroke  width  and  gap  width-These  two  dimensions 
are  usually  made  nearly  equal  and  are  e.rpressed  as  a 
proportion  of  character  height  in  Figure  6.5-2  below. 

• Character  width-  Most  characters  should  be  65  to  80 


LABEL  SIZE 
CATEGORY 

APPLICATION 

CHARACTER 

HEIGHT 

NOMINAL 

POINT 

SIZE 

MAJOR 

CONTROL 
GROUP  OR 
PANEL 

5.6  mm 
(0.22  ini 

2/ 

INTERMEDIATE 

CONTROL  OR 
DISPLAY 

4.0  mm 
(0.16  in) 

18 

MINOR 

CONTROL 

POSITION 

3.2  mm 
10.12  in) 

14 

MINIMUM 

INSTRUCTIONS 

2.4  mm 
(0.09  in) 

- 

TYPE  OF  LABEL 

TYPICAL 
TYPE  STYLE 

PREFERRED 
RATIO  OF 
HEIGHT-TO- 
STROKE  WIDTH 

HIGH  CONTRAST 
DARK  LETTERING 
ON  A LIGHT 
PANEL 

ALTERNATE 
GOTHIC,  FUTURA 
MEDIUM,  OR 
COPPERPLATE 

6:1  TO  8:1 

BACK  LIGHTED 
LETTERING  ON 
DARK  PANEL 

FUTURA  LIGHT 

10:1  TO  12.1 
(tee  text) 

6.5.6  SPACING 

The  following  guidelines  should  be  followed  in  labe’ 
spacing; 

• One  stroke  width  between  characters 

• One  character  width  between  words 

• One-half  the  character  heiglit  between  lines 


adjustable  brightness  on  a dark  panel  will  reduce  the 
amount  of  light  reaching  the  user’s  eyes.  If  the  “on" 
state  of  a pushbutton  is  indicated  by  illuminating  it,  the 
pushbutton  legend  should  be  visible  even  thougli  it  is 
off. 


percent  as  wide  as  they  are  higli.  The  letters  M,  W, 
and  I and  numerals  1 and  4 are  exceptions.  Some 
situations,  such  as  a curved  surface,  may  require  an 
increase  in  width  up  to  100  percent  of  height. 

Uppercase  letters  are  easier  to  read  than  lowercase  (Ref. 
2)  and  should  be  used  exclusively  except  in  extended 
labels  such  as  dciailcd  instructions. 

Figure  6.5-1.  Preferred  Character  Dimensions.  The 
character  rlimens'ons  listed  here  are  based  on  a nominal 
viewing  distance  of  71  cm  (28  in).  Siaes  for  other  view- 
ing distances  should  be  scaled  to  yield  the  same  visual 
angle. 


Figure  6.5-2.  Type  Style  and  Stroke  Width.  Appropriate 
type  styles  for  and  relative  stroke  widths  for  dark  and 
light  characters  are  listed  here.  Research  with  dark  letter- 
ing indicates  that  if  the  illumination  level  and  reading  time 
are  adequate,  height  to  stroke  width  ratios  between  3:1 
and  15:1  are  equally  readable  (Ref.  3,X). 

For  the  special  case  of  highly  luminous  characters  viewed 
in  near  or  total  darkness,  light  lines  will  appear  wider  than 
they  are  ar.d  stroke  width  should  be  reduced  so  that  the 
height  to  stroke  width  ratio  falls  between  12:1  and  70:1. 


All  of  these  clearances  should  be  doubled  if  adequate 
space  is  available. 
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SECTION  6.6  ACOUSTIC  NOISE 


Three  kinds  oflimits  must  be  imposed  on  the  amount  of 
acoustic  noise  produced  by  a display.  Each  of  these  is 
considered  in  detail  in  the  following  sections. 

• Noise  exposure  -The  display  must  not  expose  the 
user  to  a noise  level  that  might  cause  a loss  of  hearing; 
very  few  displays  even  approach  this  noi.e  ievel. 

• Commanication-The  display  user  must  be  able  to 
communicate  adequately  with  nearby  individuals  and 
over  the  telephone. 

• Comfort-In  order  to  function  effectively,  the  noise 
must  not  be  disruptive  nor  should  it  cause  the  display 
user  to  become  dissatisfied  with  h:s  work  situation. 

When  establishing  a noise  design  limit  for  a display,  the 
ambient  noise  environment  in  which  it  will  be  used  must 
be  considered.  On  the  one  hand,  if  the  environment  is 
already  too  noisy  care  must  be  taken  to  ensure  that  the 
new  display  does  not  aggravate  the  problem.  On  the 
other  hand,  there  is  no  point  in  paying  a high  price  to 


reduce  the  display  noise  level  much  below  the  point 
where  it  has  no  impact  on  the  total  room  noise.  The 
graph  in  Figure  .6.6-3  provides  a convenient  means  of 
making  the  iiccessary  decibel  computations. 

The  noise  level  at  the  operator’s  work  location  depends 
not  only  on  the  amount  of  noise  the  display  produces 
but  also  on  the  amount  that  is  reflected  back  from 
surfaces  in  the  room.  This  topic  is  treated  in  Section 
6.6.7  and  must  be  considered  when  specifying  the 
measurement  conditions  that  will  be  used  to  establish 
whether  the  noise  design  limit  has  been  met. 

There  are  many  resources  available  to  the  designer  fac'*d 
with  a requirement  to  measure  or  reduce  noise.  An 
extensive  reference  literature  exists  (Ref.  1),  and  there 
are  several  periodicals  that  provide  information  on 
recent  developments,  particularly  in  the  area  of  noise 
exposure  limits.  These  same  periodical  provide  access  to 
noist  measurement  and  reduction  equipment  and  infor- 
mation on  consultants  (Ref.  2). 
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6.6.1  TERMINOLOGY  AND  ACRONYMS 


•Acoustic  technology  utili/es  numerous  terms  and  aero  ' 
nyms.  Tlie  ones  that  appear  in  this  document  are 
summari/ed  here.  More  complete  dermiiions  appear  in 
the  rest  of  Section  6.6  and  in  the  Glossary. 


Many  authors  have  attempted  to  limit  certain  terms, 
particularly  level,  sound  level,  and  sound  pressure  level, 
to  very  specific  meanings  (Ref.  .’>.  Judging  by  the  recent 
acoustic  literature,  these  attempts  have  not  been  very 
successful. 


dB 

DECIBEL:  to  TIMES  THE  LOG  TO  THE  BASE  10  OF  THE  RATIO  OF  TWO  POWERS 

dBA 

A-WEIGHTED  SOUND  LEVEL 

LEVEL  - 

THE  RATIO  OF  TWO  OUANTITIES;  EXPRESSED  IN  dB 

N/m^ 

PRESSURE  1'.  NEWTONS  PER  SQUARE  METER 

PW 

SOUND  POWER 

PWL 

SOUND  POWER  LEVEL 

re  -> 

RELATIVE  TO  THE  GIVEN  REFERENCE  VALUE 

SP 

SOUND  PRESSURE 

SPL 

SOUND  PRESSURE  ..EVEL 

SL 

SOUND  LEVEL;  USUALLY  MEASURED  OVER  THE  ENTIRE  AUDIO  SPECTRUM 

SIL 

SPEECH  INTERFERENCE  LEVEL 

PSIL 

preferred-frequency  SPEECH  INTERFERENCE  LEVEL 

NC 

NOISE  CRITERION  CURVE 

NCA 

ALTERNATE  NOISE  CRITERION  CURVE 

PNL 

PERCEIVED  NOISE  LEVEL 

PNdB 

A PNL  VALUE  IN  dB 

OCTAVE  - 

A BAND  OF  FREQUENCIES  WITH  LIMITS  IN  THE  RATIO  OF  2:1 

Figure  6.6-1  Acoustic  Terms  and  Acronyms 
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SECTION  6.6  ACOUSTIC  NOISE 


6.6.2  UNITS  AND  CALCULATIONS 


Sound  power  meuiuremenis  are  usually  expressed  in 
decibels  (dB).  The  decibel  is  det'ined  as  10  limes  the 
logarithm  of  the  ratio  of  two  powers  (Ref.  4); 

PWL(in  dB)=  lOlog  .where 

PWjgf 

PWL  = the  sound  power  leveTsif  a particular  sound  in 
dB. 


lated  from  one  or  more  sound  pressure  measurements 
(Ref.  6).  Therefore,  sound  is  usually  treated  in  terms  of 
pressure,  rather  than  power. 

Sound  power  is  equal  to  the  square  of  sound  pressure, 
multiplied  by  a constant  (.Ref.7).  Because  “decibel”  refers 
to  the  ratio  of  two  powers,  it  also  refers  to  the  square  of 
the  ratio  of  two  sound  pressures: 


PW  = the  sound  power  of  the  sound,  and 

PWref  = a reference  sound  power,  usually  10'*-  watts 
(Ref.  5). 

Four  features  of  this  definition  deserve  special 
comment : 


SPL=  lOlog — - = 201og-^  , where 

Sp2  SPfgf 

ref 

SPL  = the  sound  pressure  level  of  a particular  sound, 
in  dB, 


SP  = the  sound  pressure  of  the  sound,  and 


• Tb’  term  level  means  a ratio  relative  to  a reference 
quantity  is  involved;  levels  are  properly  expressed  in 
dB. 

• The  ratio  is  between  two  powers. 

• The  reference  power  must  be  specified. 

Both  the  ear  and  the  microphone  respond  to  sound 
pressure,  not  souna  power.  The  sound  power  of  a source 
cannot  even  be  measured  directly,  but  must  be  calcu- 


SPfgf  = the  reference  sound  pressure,  which  is  2x10'^ 
N/m^  throughout  this  document  and  in  most  others 
(Ref.  8). 

Tlie  reference  pressure  for  a sound  pressure  level  (SPL) 
should  always  be  stated,  particularly  on  test  data  forms 
or  in  a design  specification.  However,  the  use  of  2x10'^ 
newtoii/square  meter  (N/m^)  as  a reference  has  become 
so  universal  that  some  authors  no  longer  bother  to  cite  it 
in  research  reports. 


DECIBELS 

(dB) 

POWER  RATIO 
( 10  log  ^^1 

PRESSURE  RATIO 
(20  log^  ) 

-20 

0.010 

0.100 

-10 

0.100 

0.316 

-6 

0.251 

0.501 

-3 

0.501 

0.708 

-2 

0.631 

0.794 

-1 

0.794 

0.891 

0 

1 .000 

1.000 

1 

1.259 

1.122 

2 

1.585 

1.259 

3 

1.995 

1 .413 

6 

3.981 

1 .995 

10 

10.000 

3.162 

20 

100.00 

10.000 

Fiyure  6.6-2:  Typical  Decibel  Values.  This  list  of  sound 
power  and  sound  pressure  ratios  corresponding  to  selected 
decibel  values  illustrates  several  characteristics  of  these 
units.  For  example,  because  sound  power,  but  not  sound 
pressure,  is  additive,  two  equally  powerful  sound  sources 
will  yield  twice  as  rr.uch  sound  power  as  one,  an  increase 
of  approximately  3.01  dB,  but  the  sound  pressure  only 
’ncreases  by  a factor  of  or  1.414.  Similarly,  to  cut 
sound  pressure  by  a factor  of  2 requires  a reduction  in 
sound  power  of  2^,  or  4,  which  corresponds  to  -6.02  dB. 
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6.6.2  UNITS  AND  CALCULATIONS  (CONTINUED) 
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Figure  6.6-3:  Computations  with  Decibels.  Decibel  values 
can  be  combined  by  working  back  through  the  equations 
shown  above,  or  by  the  use  of  this  graph  (Reference  9). 

To  add  two  decibel  values,  enter  the  upper  stale  with  the 
difference  between  them  and  read  down  to  find  the 
amount  to  add  to  the  smaller,  or  read  to  the  left  to  find 
the  amount  to  add  to  the  larger.  The  first  example  shows 
these  two  methods  of  adding  50  dB  and  55  dB  to  obtain 
56.2  dB. 

The  technique  for  subtraction  depends  on  whether  the 
difference  between  the  total  and  the  number  being  sub- 
tracted is  larger  or  smaller  than  3.  If  larger,  enter  from 
below  and  go  up  to  find  the  amount  to  add  to  the  smaller 
number,  or  go  up  and  then  continue  left  to  find  the  value 
to  subtract  from  the  larger  number.  The  middle  example 
illustrates  these  two  methods  of  obtaining  73  dB-64  dB  = 
72.4  dB. 

For  subtraction  when  the  difference  is  less  than  3,  enter 
from  the  left  and  go  right  to  find  the  amount  to  subtract 
from  the  smaller  number,  or  go  right  and  then  continue 
down  to  find  the  amount  to  subtract  from  the  larger  num- 
ber. The  bottom  example  illustrates  these  two  methods  of 
obtaining  66  dB-65.8  dB  = 64  dB. 

The  most  common  situation  requiring  subtraction  of 
decibel  values  occurs  when  the  noise  level  of  a display 
must  be  measured  in  the  presence  of  background  noise. 
Referring  again  to  the  middle  example,  the  noise  level 
with  the  display  running  would  be  73  dB  and  the  back- 
ground with  it  off  would  be  64  dB.  Subtracting  the 
background  from  the  total  measurement  shows  that 
the  noise  level  of  the  display  alone  is  72.4  dB. 
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SECTION  6.6  ACOUSTIC  NOISE 


6.6,3  FREQUENCY  SPECTRUM 

The  frequency  range  over  which  noise  measurements  are 
usually  made  covers  the  range  of  hearing  for  most  adults, 
nominally  20  to  1 2,00<D  Hz.  Sound  pressure  level  may  be 
measured  over  this  entire  spectrum  or  only  over  a 
poition  of  it.  For  full  spectrum  measurements  the 
statement  of  the  resulting  sound  level  must  indicate  the 
relative  weighting  given  the  different  parts  of  the 
spectrum.  The  commonly  used  weightings  are  summa- 
rized in  Figure  6.6-4. 

A better  understanding  of  a noise  problem  can  be 
obtained  from,  separate  measurements  along  small  por- 
tions of  the  spectrum.  This  is  most  commonly  done  by 
measuring  in  octave  or  third-octave  bands  as  described  in 
Figure  6.6-S  below. 


To  compare  sound  pressure  level  values  between  bands 
of  different  widths,  a correction  for  bandwidth  is 
necessary.  So  long  as  the  sound  is  more  or  less 
distributed  over  the  range  of  frequencies  involved,  the 
following  relationship  holds; 

SPL3  = SPLy^  - 10  log  A/B,  where  A and  B are  the 
relative  widths  of  the  two  bands.  For  example,  the 
conversion  from  third  octave  to  full  octave  bands  is; 

SPLi  = SPLi/3  - 10  log  = SPL,  ^3  + S dB. 


Figure  6.S-4:  Frequency  Weighting  Curves,  The  three 
standard  frequency  weighting  curves,  A,  B,  and  C,  are 
illustrated  (Ref.  10).  An  overall,  or  flat  frequency 
response,  is  also  included  on  most  sound-level  meters.  A 
fourth  weighting  curve,  D,  is  coming  into  use  for  measur- 
ing aircraft  noise. 

Originally  the  A curve  was  intended  to  match  the  response 
of  the  meter  to  the  ear  at  relatively  low  sound  levels, 
while  the  B and  C curves  were  intended  for  successively 
higher  sound  levels.  At  present,  almost  all  sound-level  (full 
spectrum)  measurements  are  made  with  the  A curve,  and 
the  B and  C curves  are  used  primarily  to  obtain  informa- 
tion on  the  spectral  distribution  of  the  rxiund  energy  when 
an  octave  band  analyzer  is  not  available. 

Sound-level  measurements  must  include  a statement  of 
the  weighting  curve  used.  Measurements  made  with  the  A 
curve  are  generaliy  given  as  dBA  or  dB(A). 
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6.6.3  FREQUENCY  SPECTRUM  (CONTINUED) 


Figure  6.&-S:  Octave  and  Third-Octave  Band  Frequen- 
cies. An  octave  band  covers  a frequency  range  of  2 to1 , 
while  a third  octave  band  covers  a range  of  2''^  to  1. 

Two  sets  of  octave  bands  are  in  usp,  the  American 
National  Standards  Institute  (ANSI)  Preferred  Frequen- 
cies and  the  older  ANSI  Standard  Frequencies  (Raf.  1 1). 
Whenever  possible,  the  new  frequencies  should  be  used. 
The  center  and  limiting  frequencies  for  both  sets  of  octave 
bands  are  illustrated,  along  with  center  frequencies  for  the 
fjit  Je..  th;.d  cctave  bands  Octave  bands  in  the  new  set 

are  designated  bv  their  center  frequency,  2bU,  6(X),  i.CCQ, 
etc.,  and  those  in  the  old  set  by  their  limiting  frequencies, 
300-600,  600-1200,  etc. 
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SECTION  6.6  ACOUSTIC  NOISE 


6.6.4  NOISE  EXPOSURE  (INJURY)  LIMITS 

RECOMMENDATION: 


Limit  the  daily  noise  dose,  as  defined  in  Figure  6.6-6,  to  1.0.  This  will  permit  8-hour  exposure  to  a noise 
level  of  90  dBA.  Higher  noise  levels  or  a longer  work  day  require  use  of  the  figure. 

Do  not  expose  personnel  to  a noise  level  in  excess  of  115  dBA. 


If  the  daily  noise  dose,  as  defined  in  Figure  6.6-6,  exceeds  0.5,  provide  diidiorafiti^c  testing  of  personnel 
in  order  to  determine  if  hearing  loss  is  occurring. 


NOTE:  These  raccmmendations  are  required  by  law  in  many  situations. 


Excessive  ex,iosure  to  noise  is  harmful  to  hearing. 
Establisnment  of  exposure  limits  is  complicated  by  their 
economic  impact  and  by  the  fact  t!iat  the  exact 
occupational  tioisc  exposure  at  which  hearing  loss  begins 
is  still  controversial  (Ref.  12).  In  the  limited  data  that 
are  available,  hearing  loss  due  to  occupational  noise  is 
often  hard  to  distinguish  from  loss  due  to  other  iioises 
(Ref.  13)  and  from  the  loss  normally  associated  with 
aging. 

In  most  occupational  situations,  noise  exposure  is 
limited  by  Federal  regulations  i.ssued  by  the  U.S. 
Department  of  Labor’s  Occupational  Safety  and  Health 
Administration  (OSH.A)  (Ref.  14).  Althouglt  the  legal 
status  of  these  regulations  for  Federal  and  military 
personnel  is  not  exactly  certain  (to  this  writer),  they 
provide  the  best  available  guidance  for  the  display 
designer, 

Tlie  new  OSHA  noise  exposure  standards  limit  8-hour 
exposure  to  90  dB^A,  with  exposure  to  higher  levels,  up 


to  a maximum  of  115  dB.A,  permitted  for  shorter 
durations.  Noise  level  and  duration  in  combination 
determine  the  daily  noise  dose,  as  outlined  in  Figure 
6.6-6  below.  The  daily  noise  dose  must  not  exceed  a 
value  of  I.O  which  is  equivalent  to  an  8-hour  exposure  to 
90  dBA.  If  the  daily  noise  dose  exceeds  0.5,  which  is 
equivalent  to  an  8-hour  exposure  to  85  dBA, 
audiometric  monitoring  of  the  employee  is  required  in 
order  to  determine  if  any  hearing  loss  is  occurring.  There 
are  some  hints  that  limitation  of  the  daily  noise  dose  to 
0.5  will  eventually  be  required  (Ref.  1 5). 

Test  equipment  used  to  establish  that  a noise  level  does 
not  exceed  the  exposure  limit  must  conform  to  appli- 
cable standards  (Ref.  16).  As  the  A in  dBA  indicates,  the 
,A-weighted  frequency  response  (Figure  6.6-4)  must  be 
used.  The  "slow”  setting  should  be  used  in  order  to 
average  the  noise  level  over  small  fluctuations. 
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6.6.4  NOISE  EXPOSURE  (INJUR/)  LIMITS  (CONTINUED) 


85  90  95  100  105  110  115 


NOICE  LEVEL.  L WBA,  slow) 


Figure  6.6-6;  Determination  of  Daily  Noise  Dote.  Under 
new  OSHA  regulations,  occupational  noise  exposure  is 
limited  in  terms  of  a daily  noise  dose,  Nq,  where  Nn  is 
the  sum  of  the  ratios,  R j . . R„,  one  o^hich  is  calcu- 
lated for  each  of  the  noise  levels  to  which  the  individual  is 
exposed  during  a single  day.  The  R for  each  noise  level,  L, 
is  the  .actual  duration  of  exposure  to  that  noise  level, 
divided  by  the  permitted  daily  exposure  duration,  T.  The 
Value  of  T for  any  L can  be  obtained  from  either  the  curve 
or  the  equation  shown  here. 

For  example,  suppose  that  an  individual  is  exposed  during 
a workday  to  95  dBA  for  1 hour,  to  90  dBA  for  2 hours, 
and  to  85  dBA  for  6 hours.  This  yields  a daily  noise  dose, 
Nq  = 0.25  -1-0.25  -tO.375  = 0.875,  calculated  as  follows: 


L(dBA) 

T(hours) 

R 

35 

4 

0.25 

90 

8 

0.25 

85 

16 

0.375 

As  is  described  on  the  previous  page,  a value  of  Nq  in 
excess  of  0.5  requires  monitoring  of  employees  for  hear- 
ing loss.  Values  in  excess  of  1.0  are  not  permitted 
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SECTION  6.6  ACOUSTIC  NOISE 


6.6.5  COMMUNICATION 

RECOMMENDATION: 

In  order  to  ensure  convenient  voice  communication  over  a distance  of  2 meters,  limit  the  preferred 
frequency  speech  interference  level  (PSIL)  to  52  dB.  Limits  for  other  distances  can  be  estimated  from 
Figure  6.6-7. 


Excessive  noise  interferes  with  voice  communication. 
The  amount  of  noise  that  can  be  tolerated  depends  on 
the  type  of  information  being  interchanged  and  on  the 
level  of  communication  success  required.  This  document 
is  limited  to  normal,  face-to-face  conversation  as  would 
occur  between  display  users  witliin  a single  room  or  via  a 
telephone.  Special  techniques,  not  treated  here,  are 
available  to  evaluate  communication  success  with  spe- 
cialised electronic  communication  systems  or  when  a 
limited  message  set  is  utilized,  as  between  pilots  and  air 
traffic  controllers  (Ref,  17). 

One  of  the  earliest  methods  of  evaluating  the  impact  of 
noise  on  voice  communication  was  the  speech  interfer- 
ence level  (SIL)  developed  by  Beranek  in  the  late  1940’s 
(Ref.  18)  and  later  refined  by  him  (Ref.  19).  The  SIL  of 
a noise  is  the  arithmetic  average  of  the  sound  pressure 
level  (SPL)  in  the  three  standard  octave  bands  centered 
at  850,  1,700  and  3,400  Hz’  if  the  425-Hz  octave  has  a 
SPL  more  than  10  dB  above  tire  850-Hz  octave,  it  is  also 
included  in  the  average.  With  the  establishment  of  new 
octave  band  frequencies  (Figure  6.6-4),  the  SIL  became 
the  PSIL,  or  preferred  (frequency)  speech  interference 
level.  The  PSIL  is  the  arithmetic  average  of  the  three 
octave  bands  centered  at  500,  1,000  and  2,000  Hz.  For 
typical  noises,  SIL  is  3 dB  less  than  PSIL  (Ref.  20). 


Many  other  methods  of  describing  the  speech  in'erfering 
properties  of  a noise  have  been  tried,  ranging  from  the 
simple  A-weiglited  sound  level.  dBA,  to  units  that  are 
relatively  complicated  to  measure  and  calculate,  such  as 
perceived  nois*-  level  (PNL)  (Ref.  20).  Most  of  these 
methods  are  about  equally  effective  in  describing  the 
effects  of  most  noises  on  communication,  probably 
because  most  noises  in  a particular  environment,  for 
example  an  office,  have  very  similar  spectral  distribu- 
tions. Sound  level,  measured  as  dBA,  is  therefore 
effective  because,  unless  there  is  a preponderance  of 
noise  in  the  octaves  above  2,000  Hz,  a situation  not 
found  in  most  office  or  industrial  noises,  it  provides  a 
very  good  estimate  of  PSIL.  For  typical  noises,  dBA  has 
a value  7 dB  greater  than  PSIL  (Ref,  20). 

In  tests  with  a wide  range  of  noise  types,  PSIL  predicted 
the  amount  of  speech  interference  as  well  as  any  other 
measure  for  noises  with  normal  spectra  and  better  than 
any  of  the  others  tested  for  noises  with  diverse  spectra 
(Ref.  21).  Therefore,  PSIL  appears  to  be  the  best 
currently  available,  simple  measure  of  the  effect  of  noise 
on  speech  communication. 
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SECTION  6.6  ACOUSTIC  NOISE 


6.6.5  COMMUNICATION  (CONTINUED) 


dBA;  _J I I I I I I I I I 1 I I I I I 

SO  60  70  80  90  100  110  170 


NOISE  LEVEL  1(181 


I PREFERRED  ENVIRONMENT;  COMMUNICATION 
POSSIBLE  WITH  NORMAL  VOICE 

II  ACCEPTABLE;  THE  NORMAL  INCREASE  IN  VOICE 
LEVEL  EXPECTED  IN  NOISE  IS  ADEQUATE  TO 
MAINTAIN  COMMUNICATION 

III  ACCEPTABLE  BUT  UNDESIRABLE;  COMMUNICA- 
TION POSSIBLE  BUT  CONSCIOUS  EFFORT  TO 
INCREASE  VOICE  LEVEL  IS  NECESSARY 

IV  NOT  ACCEPTABLE  FOR  MOST  APPLICATIONS; 
EVEN  WITH  CONSCIOUS  EFFORT,  COMMUNI-  • 


CATION  Will  PROBABLY  BE  POOR  (THIS 
REGION  WAS  NOT  TESTED  IN  THE  ORIGINAL 
SIL-PSIL  EXPERIMFNTAT  ION). 

V,VI  NOT  ACCEPTABLE;  LIMITED  COMMUNICATION 
POSSIBLE  BUT  ONLY  BY  SHOUTING;  VOICE  IS 
DIFFICULT  TO  UNDERSTAND  AT  THIS  LEVEL. 

VII  UNAIDED  COMMUNICATION  IMPOSSIBLE 

VIII  COMMUNICATION  WITH  AMPLIFIED  SPEECH 
IMPOSSIBLE 


Figure  6.6-7.  Relationship  of  PSIL  to  Effective  Communi- 
cation Ois'ance.  The  preferred  frequency  speech  intei- 
ference  level  (PSIL)  is  the  recommended  method  for 
specifying  the  limiting  noise  level  that  will  allow  adequate 
communication.  The  impact  of  noise,  as  measured  by  PSIL, 
on  the  distance  over  which  individuals  can  communicate  Ly 
voice  is  illustrated  here.  This  figure  is  based  largely  on  the 
original  Beranek  data  (Ref.  18),  but  has  been  replotted  by 
one  of  the  researchers  responsible  for  the  comparison  of 
different  methods  of  measuring  noise  (Ref.  20). 

The  dBA  scale  is  included  because  it  provides  a quick 
estimate  of  PSI L so  long  as  the  noise  energy  is  both 
regularly  distributed  across  the  frequency  range  and  is 
not  concentrated  at  frequencies  above  2000  Hz.  However, 
dBA  should  not  be  used  for  specifying  communication 
noise  limits. 

The  straight  line  plots  of  voice  levels  show  what  will 
occur  if  the  spe.ikor  is  not  aware  of  the  noise  level.  This 
might  occur  becaup;  the  listener  but  not  the  speaker  is 
in  the  sound  field  of  the  noise  source.  An  extreme  but 
common  example  is  attempting  to  hear  someone  speak- 
ing in  a normal  voice  in  an  adjacent  room  while  you 
are  shaving  with  an  electric  razor. 


It  the  speaker  is  aware  of  the  noise,  his  voice  level  will 
increase  by  approximately  3 dB  for  each  1 0 dB  increase 
in  noise  level  above  50  dB  PSIL;  this  is  his  "expected 
voice  level."  If,  in  addition,  the  speaker  is  .iware  that 
the  listener  is  having  difficulty  understinding  him,  he 
v/ill  increase  his  voice  level  by  5 dB  rather  than  3 dB, 
resulting  in  his  "communicating  voice  level." 

As  the  speaker's  voice  increases  from  a shout  at  83  dB  to 
his  maximum  vocal  effort,  there  is  little  if  any  improve- 
ment in  the  listener's  ability  to  distirnuish  what  is  being 
said. 

As  an  illustration  of  how  to  use  this  figure,  consider  a 
conference  room  where  individuals  separated  by  up  to 
5m  (16  ft)  expect  to  communicate  with  a normal 
voice  level.  The  maximum  noise  level  is  45  dB  PSIL. 

For  an  imagery  interpretation  work  station  where  brief 
conferences  of  two  to  four  persons  are  common,  com- 
munication over  2m  (6  ft)  should  probably  be  possible, 
without  the  need  to  exceed  a normal  voice  level.  This 
leads  to  an  upper  limit  on  the  norse  level  of  52  dB  PSIL. 
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6.6.6  COMFORT 

RECOMMENDATION: 

To  ensure  a comfortable  work  environment  at  an  imagery  display,  do  not  allow  the  noise  level  to  exceed 
the  NC-45  curve  in  Figure  6.6-9. 

If  economy  dictates  a compromise  and  the  restrictions  listed  in  Figure  6.6-10  are  met,  an  NCA-45  curve  as 
defined  in  that  figure  can  be  substituted. 


Eliminate  low  frequency  variations  in  noise  level. 

Simply  limiting  noise  to  a level  that  allows  voice 
communication  between  individuals  docs  not  ensure  that 
the  noise  will  not  be  disruptive  to  their  work  nor  that  it 
will  not  cause  dissatisfaction  with  work  conditions.  For 
example,  in  the  series  of  studies  that  led  to  the 
development  of  speech  interference  level  (SIL),  a consid- 
erable amount  of  opinion  data  was  collected  (Ref.  19). 
In  an  engineering  and  drafting  office  that  had  a SIL  of 
5.^  dB  and  an  estimated  PSIL  of  58  dB,  a noise  level  just 
at  the  limit  for  reasonable  communication  according  to 
Figure  6.6-7,  the  user  comments  as  summarized  by  the 
author  were:  “Noise  situation  terrible.  Complaints  of 
fatigue  and  irritation.”  (Ref.  22).  A reduction  in  noise 
level  of  8 dB,  to  an  SIL  of  47  dB  (an  estimated  PSIL  of 
50  dB)  was  considered  to  be  acceptable.  Because  this 
kind  of  data  is  so  sensitive  to  numerous  uncontrolled 
variables,  such  as  general  job  satisfaction  and  prior 
experience  with  noise,  drawing  conclusions  from  it  is 
difficult.  However,  in  the  absence  of  anything  better,  the 
available  Beranek  data,  collected  from  the  occupants  of 
many  different  offices,  are  summarized  in  the  next 
figure. 

In  the  course  of  these  studies,  Beranek  observed  that  SIL 
predicted  communication  success,  but  that  other  aspects 
of  the  noise,  particularly  the  low  frequency  energy  level, 
had  a strong  effect  on  the  noise  ratings  he  obtained. 
After  an  involved  analysis  he  developed  a set  of  curves 
intended  to  establish  whether  a satisfactory  noise 
environment  exists.  Thes'’  are  known  as  noise  criterion 
(NC)  curves. 

When  the  noise  level  of  a piece  of  equipment  is  limited 
by  an  NC  curve,  none  of  the  octave  bands  may  exceed 
that  curve.  This  works  well  with  most  noises,  which  have 
relatively  continuous  spectra.  However,  because  noises 
with  peaked  spectra  are  generally  not  as  loud  a;  their 
corresponding  NC  curves  (Ref.  23),  these  curves  some- 
times yield  a conservative  design  limit.  This  problem  has 
also  limited  their  usefulness  as  a research  tool  in  favor  of 


more  comprehensive  measures  of  loudness  such  as 
perceived  noise  level  (PNL).  In  fact,  given  the  current 
sopliistication  of  such  methods  of  calculating  loudness 
there  is  some  question  whether  NC  curves  would  ever 
have  been  developed  (Ref.  23). 

Becau:;e  the  NC  curves  represent  appro:;imately  equal 
loudness  contours,  they  provide  the  designer  with  a 
useful  indication  of  how  much  the  energy  in  each  octave 
band  .s  contributing  to  the  loudness  of  his  device. 

Some  noises  that  contain  pure  tones,  or  high  concentra- 
tions of  energy  in  a narrow  band,  sound  louder 
overall  measure  of  their  sound  level  would  ind  ‘lo.  This 
phenf'menon  has  been  amply  demonst'.aieo  (Ref.  24) 
and  is  included  as  a correction  term  in  the  standard 
method  for  computing  aircraft  loudness  used  by  the 
Fedeial  Aviation  Agency  (Ref.  25).  However,  recent 
research  indicates  that  measures  of  loudness  that  include 
a correction  for  pure  tones  were  no  better  than  those 
without  a correction,  so  the  matter  has  not  yet  been 
resolved  (Ref.  26).  If  a correction  does  prove  to  be 
necessary,  it  will  apply  only  to  unitary  measures  of 
loudness  like  dBA  or  perceived  noise  level  (PNL).  There 
is  no  evidence  of  the  need  for  such  a correction  with  NC 
cun'es  nor  for  PSIL  or  dBA  as  they  are  used  in  the 
previous  two  sections. 

The  voice  level  data  in  Figure  6.6-7  illustrate  how,  if  the 
noise  distribution  in  a room  is  uneven,  a noisy  piece  of 
equipment  can  cause  annoyance  for  workers  who  are  not 
annoyed  directly.  Consider,  for  example,  a speaker 
attempting  to  communicate  with  nearby  listeners  in  a 
sound  field  of  80  dB  PSIL.  He  would  raise  his  voice  level 
so  that  he  would  be  heard  by  a possibly  unwilling 
listener  6m  (20  ft)  away  in  a sound  field  of  55  dB  PSIL. 

Although  such  large  irregularities  in  noise  distribution 
are  not  frequent,  this  phenomenon  has  been  observed 
with  cne  prototype  imagery  display  (Ref.  27).  Tliis 
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6.C.6  COMFORT  (CONTINUED) 


device  had  a liiidi  flow  of  air  at  the  film  gate,  resulting  in 
considerable  higli  frequency  noise.  Possibly  because  high 
frequency  sound  tends  to  travel  in  straiglit  lines  while 
low  frequencies  pass  around  obstacles,  or  perhaps  simply 
because  the  two  frequency  ranges  were  absorbed  differ- 
ently througliout  the  room,  the  region  close  to  the  new 
display  was  very  noisy  while  the  far  end  of  the  room  was 
very  quiet,  and  speakers  at  the  display  sometimes  were 
dir'urbing  to  individuals  attempting  to  concentrate  on 
their  work  at  the  far  end  of  the  room. 

Slow  variations  in  noise  level  arc  a special  problem. 
These  occur  because  of  beats  between  strong  noise 
frequencies  that  differ  by  less  than  a few  cycles  or  as  a 


result  of  cyclic  variation  in  the  behavior  of  the  noise 
source. 

Althougli  these  kinds  of  sounds  are  universally  acknow- 
ledged to  be  very  disturbing  for  the  listener,  there  is  at 
present  no  objective  method  for  specifying  design  limits. 

Noise  at  very  high  frequencies,  well  above  the  hearing 
range  for  most  individuals,  is  another  potential  problem 
not  covered  specifically  by  ordinary  noi.,e  specifications. 
Under  certain  conditions,  such  noise  can  apparently 
cause  serious  physical  discomfort  in  susceptible  individ- 
uals (Ref.  28). 


Figure  6.6-8:  Effect  of  Noise  Level  on  Noise  Ratings. 
This  curve  summarizes  average  noise  ratings  made  by 
about  200  office  workers  surveyed  in  the  scries  of  studies 
that  led  to  the  development  of  NC  curves  (Ref.  29). 
About  24  different  rooms,  at  an  Air  Force  base  and  in 
commercial  buildings,  are  represented.  The  workers, 
approximately  in  order  of  their  frequency  in  the  sample, 
were  stenographers  and  clerks,  engineers,  foremen, 
executive  secretaries,  and  executives. 
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Figure  6.6-9:  Noise  Criterion  (NC)  Curves  (Ref.  30). 
Noise  criterion  (NC)  curves  were  developed  by  Beranek  as 
a basis  for  specifying  office  noise  limits  (Ref.  22).  When 
used  in  this  way,  none  of  the  eight  octave  bands  can 
exceed  its  level  on  the  specified  NC  curve.  Note  that  the 
lowest  of  these  bands  is  not  a true  octave,  but  is  actually 
the  average  of  two  octaves. 

The  number  assigned  to  each  curve  is  determined  by  its 
sound  level  in  the  (old)  octave  band  centered  at  1700  Hz. 


The  SI L for  each  curve  is  the  same  as  its  NC  number  and 
the  PSIL  is  1 dB  higher.  This  contrasts  with  the  3 dB 
difference  between  SIL  and  PSIL  found  for  typical  noises. 
The  overall  sound  level  of  an  NC  curve,  in  dBA,  is  10  dB 
higher  than  the  curve  number.  Because  most  noise  spectra 
are  irregular,  a difference  between  dBA  and  NC  number 
of  5 dB  is  more  typical.  Measuring  dBA  is  not  an  adequate 
method  of  estimating  an  NC  number. 
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~igure  6.6-10:  Alternate  Noise  Criterion  (NCA)  Curves 
(Ref.  30).  Alternate  noise  criterion  (NCA)  curves  allow  an 
increase  in  the  noise  level  of  the  lower  frequency  octave 
bands  and  therefore  an  increase  in  loudness  with  no 
change  in  speech  interference  level.  They  are  intended  to 


be  used  in  place  of  NC  curves  only  in  instances  where  the 
need  for  extreme  economy  makes  it  impossible  to  achieve 
the  desired  NC  curve.  In  addition,  the  noise  must  be 
steady  and  free  of  beats. 
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NOISE 

CRITERION 

(NC) 

CONVERSATION 

DISTANCE 

MAXIMUM 

TELEPHONE 

USE 

SUGGESTED 

APPLICATION 

NORMAL 

RAISED 

VOICE 

CONFERENCE 

SIZE 

COMMENTS 

20  30 

— 

— 

50  PEOPLE 

— 

EXECUTIVE  OFFICES 

VERY  QUIET 

30  35 

3.0-9.1m 
(10-30  ftl 

— 

20  PEOPLE 

— 

SEMIPRIVATE  OFFICES, 
RECEPTION  ROOMS 

— 

35^0 

1.8-3.7m 
(6-1 2 ft) 

— 

1. 8-2.4  m 
(6-8  ft)  TABLE 

— 

MEDIUM  sized 
OFFICES 

— 

40  50 

0.9- 1.8  m 
(3-6  ft) 

1. 8-3.7  m 
(6-12  It) 

0 9-1.8  m 
(3-6  ft) TABLE 

OCCASIONALLY 

slightly 

DIFFICULT 

ENGINEERING  AND 
DRAFTING  ROOMS 

50-55 

0.30.7m 
(1-2  ft) 

0.9- 1.8  m 
(3-6(1) 

2-3  PFO'’.  E 

slightly 

DIFFICULT 

TYPING  AND  BUSINESS 
MACHINE  USE 

— 

55  + 

— 

— 

— 

DIFFICULT 

NOT  SUITABLE  FOR 
OFFICE 

VERY  NOISY 

Figure  6.6-11.  Noise  Criterion  (NC)  Curve  Applications. 
The  best  available  recommendations  for  application  of 
NC  curves  to  work  situations  are  those  developed  by  , 
Beranek  and  summa.'ized  here  (Ref.  19).  Making  the 
assumption  that  imagery  displays  would  fit  most  appro- 
priately into  an  engineering  and  drafting  room  type  of 
I ’ noise  environment,  these  data  imply  that  the  noise  should  , 
Tiot  exceed  NC  curves  40  to  50. 


The  maximum  conference  size  was  unfortunately  defined 
in  this  study  in  terms  of  the  number  of  people  in  some 
cases,  and  in  terms  of  the  size  of  conference  table  in  use  in 
other  cases. 
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SECTION  6.6  ACOUSTIC  NOISE 


6.5.7  ROOM  REVERBERATION  AND  ABSORPTION 

RECOMMENDATIONS: 

III  ar«as  where  display  users  rriust  communicate  by  voice,  provide  a room  reverberation  time  of 
approximately  0.6  second. 

Measure  display  noise  level  in  an  area  with  reverberation  time  and  sound  reflections  typical  of  those  found 
in  the  area  where  it  -.vill  be  used. 


Tlie  sound  rcflfctcd  from  room  surfaces  is  known  as 
rei’erhcrntinn.  if  the  delay  relative  to  the  original  sound 
is  small,  the  reflections  and  the  original  will  fuse  and  he 
heard  singly  by  the  listener.  If  the  delay  is  long  he  will 
hear  a separate  sound,  called  an  echo. 

As  a sound  makes  successive  rellcctions  it  will  die  out 
because  of  abstirption  at  the  reflecting  surfaces  and  in 
the  medium  througli  which  it  is  passing,  A room  c.”i  be 
characterized  by  its  reverberation  time.  T^^g.  which  is 
lire  time  required  for  the  sound  pressure  level  (SPL)  to 
decay  60  dB( Ref.  32). 

If  the  reverberation  time  is  long,  the  room  is  termed 
‘Tive"  and  a spoken  word  is  heard  first  directly  and 
then  as  a series  of  reflections,  A certain  amount  of  rever- 
beration is  desirable  because  it  makes  speech  sound 
alive  and  natural.  Too  much  reverberation  is  undesir- 
able because  reflections  arrive  at  the  same  time  .as  a 
subsequent  word  and  interfere  with  its  perception. 

If  the  reverberation  time  is  short,  the  room  is  termed 
"dead."  There  is  less  interference  between  words,  but 
because  the  sound  of  the  word  decays  before  it  can 
propagate  througli  the  room,  communication  may  be 
reduced.  The  limited  data  available  on  reverberation 
time  requirements  arc  summarized  in  Figure  6.6-12. 

Limited  data  (Ref.  33)  suggest  workers  can  tolerate 
more  noise,  perhaps  5 to  10  dB  more  on  the  set  of  noise 
criterion  (NC)  curves  in  Figure  6.6-9  if  the  noise  is 
produced  by  several  equally  noisy  machines  and  if  the 
room  is  made  very  dead  by  the  use  of  sound  absorbing 


materials.  The  effect  on  communication  was  not  evalu- 
ated in  this  study,  but  there  is  no  reason  to  believe  that 
the  acoustical  treatment  would  help. 

Because  of  its  impact  on  noise  leiel,  the  fcvcrberation 
lime  of  the  tes'  room  must  be  considered  when 
measuring  noise,  particularly  if  a contract  speciTication  is 
involved.  A test  area  with  a very  shot  t reverberation  time 
results  in  tire  best  measurement  of  the  display  noise,  but 
may  underestimate  the  noise  at  the  display  operator’s 
workstation  when  it  is  used  in  a normally  reverberant 
work  room.  Extensive  data  on  the  magnitude  of  this 
effect  are  not  available,  bu'  in  one  study  the  effect  of 
room  reverberation  time  for  250  H'  noise  2m  (6  ft) 
from  the  acoustic  center  of  a machine  was  as  follows 
(Ref.  34): 

RELATIVE 


REVERBERATION  NOISE 

TIME  LEVEL 

0.05  second  0 

0.11  second  +2.0  dB 

0.22  second  +3.2  dB 


The  contribution  of  rellected  sound  to  a noise  measuie- 
inent  can  be  estimated  by  measuring  the  noise  at  more 
distant  points  (Ref.  35).  If  the  level  at  these  points  is  at 
least  6 to  8 dB  lower,  the  contribution  of  reflections  is 
less  than  I dB  (see  Figure  6.6-3)  end  can  safely  be 
ignored. 
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Figure  6.6-12:  Preferred  Reverberation  Time.  The  origins 
of  reverberation  time  design  recommendations  are  not  well 
documented,  but  they  appear  to  be  due  primarily  to  archi- 
tectural experience.  One  set  of  'ecommendations  (Ref. 

36)  is  illustrated  here  and  indicates  that  larger  rooms 
require  Iccger  reverberation  times.  Other  sources  give 
generally  similar  numbers: 

Reference  37 

Speech  studio  - 0 to  0.7  second 
Classroom,  conference  room  — 0 3 to  1.2  seconds 
Auditorium  — 0.7  to  1 .5  seconds 
Reference  32 

Office  - 0.5  second 

Large  conference  room,  small  auditorium  - 0.8 
second 


j SOUND  ABSORPTION  COEFFICIENTS 

MATERIAL 

FREQUENCY  (Hr) 

125 

500 

2,000 

BRICK  WALL,  PAINTED 

0.01 

0.02 

0.02 

PLASTER,  GYPSUM 

0.02 

0.02 

0.02 

MARBLE 

0.01 

0.01 

0.02 

WOOD  PANELING 

0.10 

0.10 

0.08 

DRAPERIES,  LIGHT 

0.04 

0.11 

0.30 

DRAPERIES,  HEAVY 

0.10 

0.50 

0.82 

CARPET,  WOOL 

0.09 

0.21 

0.27 

CARPET  AND  PAD 

0.20 

0.35 

0.50 

CHAIR,  UPHOLSTERED 

3.50 

3.50 

3.50 

PEOPLE,  STANDING 

2.00 

4.70 

5.00 

PEOPLE,  SITTING 

0.70 

0.50 

1.60 

Figure  6.S-13.  Absorption  Coefficients  and  Reverberation 
Time.  If  a particular  work  environment  is  too  live,  it  is 
possible  to  reduce  the  reverberation  time  by  the  addition 
oi  materials  that  will  absorb  more  of  the  sound,  either  on 
the  walls  or  as  freestanding  or  ceiling-hung  panels.  The 
absorption  coefficients  of  several  standard  materials  at 
different  frequencies  are  listed  here  (Ref.  32).  In  general, 
if  the  average  absorption  coefficient  of  a room  is  greater 
than  0.2  the  reverberation  time  is  sufficiently  small  that 
the  room  can  be  considered  dead,  while  if  it  is  less  than 
0.2  the  room  is  considered  live  (Ref.  32). 

For  simple  room  shapes,  the  sound  absorption  coefficients 
for  the  wall  surfaces  can  be  used  to  calculate  reverberation 
time  (Ref.  32).  In  most  situations,  the  geometry  is  so 
irregular  that  such  computations  are  nearly  impossible.  If 
the  proper  instrumentation  is  available,  the  reverberation 
time  of  a room  can  be  measured  (Ref.  34). 
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SECTION  6.6  ACOUSTIC  NOISE 

6.6.8  NOISE  MEASUREMENT 

This  set-lion  is  intciuloi.1  ;is  a review  of  ihe  faetors  that 
must  he  considered  in  order  to  obtain  correct  noise 
measurements,  Extensive  information  on  this  topic  is 

6.6.8.1  INSTRUMENTATION 

I he  basic  equipinenl  required  for  sound  level  measure- 
ments includes  a microphone,  an  analyzer  to  allow 
measuring  a small  portion  of  the  frequency  spectrum,  a 
meter  to  indicate  the  sound  level,  and  a field  calibrator. 
To  determine  if  noise  level  criteria  based  on  frequency 
has  been  met  (Sections  6.6.5  and  6.6.6).  an  analyzer 
which  allows  measurement  of  octave  bands  is  essential;  if 
the  cause  or  correction  of  the  noise  is  a concern  or  if 
some  deviation  from  the  criteria  is  to  he  considered, 
one-third  octave  hand  analysis  is  preferred. 


available  in  standard  sources  (Ref.  38)  and  is  usually  also 
found  in  the  instruction  manuals  provided  by  the 
equipment  nianufacuner. 


A set  of  good  quality  headphones  is  a very  useful  item  of 
auxiliary  equipment.  When  inserted  in  the  output  jack  of 
the  sound  level  meter  or  analyzer  they  enable  the 
operator  to  listen  to  the  portion  of  the  sound  spectrum 
being  measured.  In  addition  to  aiding  in  checkout  of  the 
measu.ing  system,  they  provide  a means  of  judging 
directionality  and  identifying  components  of  the  sound. 

Instrumentation  used  to  make  acoustic  nicasurcments 
must  meet  the  appropriate  standards  (Ref.  16). 


I 


t 
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6.6.8.2  CALIBRATION 

Calibration  of  the  entire  measurement  system  by  feeding 
a known  acoustic  energy  into  the  microphone  is  essential 
before  making  measurements.  This  process  should  he 
carried  out  according  lo  the  manufacturer’s  Uircctions. 
The  electrical-response  calibration  included  in  most 
instrumen's  is  not  adequate  since  it  does  not  include  a 
test  of  the  microphone. 

6.6.8.3  TEST  PROCEDURE 

Only  a few  of  the  many  reqL..einents  for  obtaining  good 
noise  measurements  are  considered  here.  A thcrough 
understanding  of  the  instructional  material  provided  by 
the  manufacturer  of  the  test  instrumentation  is  obvi- 
ously essential.  Considerable  material  on  iiieasuremetit 
techniques  is  also  available  in  the  various  handbooks  on 
acoustics  (Ref.  38). 

Measurements  should  be  made  widi  the  microphone  in 
the  approximate  head  location  of  each  operator  of  the 
equipment  under  test,  and  of  each  operator  who  would 
normally  be  stationed  nearby.  The  noise  produced  in 
each  operating  mode  of  the  equipment  should  be 
measured  separately. 

Measurement  on  equipment  should  indicate  the  sound 
generated  by  the  device  under  test  without  contamina- 
tion by  so  ind  reflected  from  walls,  other  equipment  or 


Most  field  calibration  sources  are  limited  to  a single 
frequency.  Calibration  over  a range  of  ficqu^ncies 
should  be  performed  at  regular  intervals  and  whenever 
there  is  any  indication  the  measuring  system  is  not 
performing  properly. 


personnel.  Reflected  sound  can  be  ignored  if  the  noise 
level  at  the  measurement  point  is  6-8  dB  above  the  level 
at  more  distant  points,  indicating  a contribution  of  less 
than  1 DB  to  the  measurement  (Ref.  35).  Otherwise  the 
reflectivity  should  be  reduced.  (Sec  Section  6.6.7.)  Test 
personnel  should  avoid  standing  near  the  microphone, 
since  reflection  and  absorption  by  the  body  can  change 
the  measured  sound  pressure  level  at  certain  frequencies 
by  more  than  5 dB  (Ref,  39). 

If  strong  narrow  frequency  components  are  piescnt, 
standing  waves  may  occur.  If  they  are  present  the  sound 
pressure  level  will  vary  cyclically  as  the  microphone  is 
moved  away  from  the  noise  source.  The  correct  noise 
level  may  be  taken  as  the  arithmetic  cvcr.age  of  the 
ntaximum  and  minimum  levels  observed;  if  the  differ- 
ence is  greater  than  6 dB,  the  correct  value  may  be 
considered  as  3 dB  below  the  iiiaximum  level. 
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SECTION  6.6  ACOUS TIC  NOISE 


6.6.8.3  TEST  PROCEDURE  (CONTINUED) 

Wicn  moasuiements  ate  beinj’  taken  in  tlie  operational 
setting  to  determine  the  noise  level  to  which  an  operator 
is  being  exposed,  no  corrective  procedures  for  reflected 
and  background  noise  should  be  used. 

If  octave  band  data  are  recorded  ..ianually,  two  quick 
checks  are  recommended  to  preclude  gross  errors,  such 
as  the  common  mistake  of  misreading  the  dB  attenuator. 
The  first  is  to  add  the  band  sound  pressure  levels  and 
verify  the  total  is  within  3 dB  of  the  overall  sound  level. 
The  second  is  to  plot  the  data  on  graph  paper  as  it  is 
collected. 

6.6.5.4  SUPPORTING  DATA 

Adequate  records  are  essential  to  interpretation  of  the 
data.  A standard  form  should  be  prepared  and  used 
regularly  (Ref.  40).  Tire  following  types  of  information 
should  be  included: 

• Date  and  location  of  the  test 

• Test  personnel 

• Test  instrumentation,  including  model  and  serial 
numbers 

• Calibration  procedure  and  data 

• Equipment  under  test,  including  model  and  serial 


liie  background  noise  in  the  test  room  should  be 
measured  and  its  .-ontribution  to  the  other  measure- 
ments assessed.  If  the  difference  between  background 
noise  level  and  the  value  measured  when  the  equipment 
under  test  is  operating  is  less  than  10  dB.  the  correction 
procedure  described  in  Figure  6.6-3  should  be  used.  If 
the  difference  is  less  than  3 dB,  the  measurements  will 
not  accurately  reflect  the  noise  from  the  equipment  and, 
unless  the  noise  criterion  has  obviously  been  met,  a 
different  test  environment  will  be  required. 


numbers  and  operating  modes  for  which  noise  was 
measured 

• Test  room  configuration,  size,  and  location  of  equip- 
ment, with  special  emphasis  on  microphone  locations 
(photographs  and  sketches  should  be  provided) 

• Background  noise  data 

• Observations  of  noise  characteristics  by  test  personnel 

• Test  data 

• Corrected  test  data 
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SECTION  6.7  COMPUTER  INTERFACE 


The  interface  between  humans  and  computers  has  many 
different  aspects.  This  section  treats  one,  the  input  of 
information  or  commands  by  the  human  to  the  com- 
puter. A second,  the  display  of  information  by  the 
computer  to  the  human,  is  treated  in  Section  6.4.  Both 
of  these  topics,  plus  more  general  ones  such  as  the 
philosophy  of  human/computer  system  design,  are 
treated  extensively  in  other  sources  (Ref.  1 ). 

Wlien  a real-time  display  such  as  a cathode  ray  tube 
(CRT)  is  in  use,  it  is  often  necessary  for  the  operator  to 
designate  a particular  location  on  the  display  screen. 
This  is  usually  done  with  a cursor,  which  consists  of 
Slime  symbol  such  as  a bar  under  the  location  on  the 
di.splay  where  a change  will  occur  if  commanded  by  the 
operator.  Many  devices  have  been  used  to  control  the 
position  of  the  cursor,  including  an  array  of  four 
pushbuttons,  a track  ball,  a finger-operated  joystick,  a 
knee-operated  joystick,  a small  movable  device  with  two 
rollers  underneath -one  for  the  X-axis  and  one  for  the 
Y-axis  signal-called  a mouse,  and  even  one  that  partially 
eliminates  the  need  for  the  cursor-the  light  pen. 
Esoteric  devices  such  as  the  eyeball  tracker  (Ref.  2)  can 
also  be  used  for  this  purpose,  but  their  com.plexity  and 
cost  make  them  appropriate  only  for  very  special 
situations. 

• The  set  of  four  pushbuttons,  one  for  each  direction 
of  cursor  movement,  is  simple,  and  it  blends  in  well 
with  the  other  pushbuttons  when  it  is  used  on  a 
keyboard.  Because  it  can  command  only  one  cursor 
velocity,  it  is  necessarily  slower  than  many  other 
controls. 

• The  finger-operated  joystick  is  fast  and  accurate  if 
well  designed  (Ref.  3,B),  it  takes  little  space,  and  it  is 
commercially  available.  If  poorly  designed,  however, 
it  will  not  perform  well  (Ref.  4).  (Also  see  Sections 
6.2.1  and  3.10.4.) 


• Tlie  mouse  is  very  fasi,  accurate,  and  easy  to  learn  to 
use  (Ref.  4,B).  On  the  negative  side,  it  requires  a 
relatively  large  unobstructed  space  for  operation. 

• The  knee  control  is  fast  and  reasonably  accurate  (Ref. 
4,B).  It  frees  both  hands  for  use  on  the  keyboard,  but 
It  places  a restriction  on  leg  position  that  may  be 
fatiguing  over  time. 

• Tlie  light  pen  is  fast  and  accurate  (Ref.  4,B).  It  also 
presents  certain  problems,  which  are  covered  in  some 
detail  in  Section  6.7.3. 

'•  The  graphics  tablet  produces  a signal  on  the  CRT 
wherever  it  is  touched  with  a stylus.  It  offers  many  of 
the  advantages  of  the  liglit  pen.  In  addition,  because 
it  can  be  placed  in  any  convenient  location,  it  does 
not  require  the  user  to  hold  his  arm  in  an  uncomfort- 
able position  nor  does  the  stylus  obscure  the  display. 

The  most  popular  means  of  inputting  information  or 
commands  to  a computer  is  the  keyboard.  It  is  discussed 
in  Section  6.7.2  below.  Devices  that  recognize  hand- 
printed alphanumeric  characters  directly  have  been 
developed  (Ref.  5)  also,  but  these  are  technically 
complex  and  usually  place  restrictions  on  the  operator. 
As  Figure  6.7-1  below  illustrates,  constrained  handprint- 
ing is  slower  than  even  unskilled  typewriting,  so  for  most 
applications  this  input  technique  offers  no  advantage 
over  an  ordinary  keyboard. 
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ENTRY  RATE 
(stioket  per  minute) 


— TOP  KEYING 
—TOP  TYPIST 


-GOOD  TYPIST 


TYPING  TEXT 
TYPING  RANDOM  WORDS 


HANDPRINTING  NUMBERS- 
HANDWRITING  TEXT> 
KEYING  NUMBERS- 
HANDPRINTING  LETTERS- 
MARK-SENSE  NUMBERS- 
HANDPRINTING  TEXT- 
UNSKILLED  TYPING  TEXT- 


-GOODSTENOTYPIST 

-KEYPUNCHING 

-TYPING  RANDOM  LETTERS 

• KEYING  NUMBERS,  5x5  MATRIX 
-CHORD  ENTRY  DEVICES 
-TYPING  CODED  ORDERS 

- KEYING  NUMBERS,  10  BUTTONS 

- KEYING  NUMBERS,  10x10  MATRIX 


CONSTRAINED  HANDPRINTING- 


- MAR  KING 

-CODED  KEYBOARD  MATRIX 
•STYLUS  PUNCHING 
-HANDPUNCHING 


NOTES;  Keying  generally  refers  to  the  operation  of  card 
punch  devices. 

Chord  entry  involves  the  simultaneous  depression 
of  several  keys  (as  on  a musiral  instrument). 

Mark-sense  is  a hand-marked  version  of  the  com- 
puter punch  card. 


Figure  6.7-1.  Representative  Manual  Entry  Rates  (Ref. 
6,X).  This  figure  summarizes  data  entry  rates  for  differ- 
ent devices,  work  situations,  and  operator  skill  levels 
obtained  in  approximately  11  different  studies.  Although 


' the  minimum  average  stroke  interval  for  a skilled  typist 
illustrated  here  is  about  60/830,  or  0.07  second,  between 
stroke  times  of  0.05  or  even  0.02  second  will  occur,  par- 
ticularly when  typing  common  words  like  "the"  (Ref.  7). 
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6.7.1  ORGANIZATION 

For  most  computer  'nti-rface  tasks,  such  as  information 
retrieval  or  the  entering  of  the  description  of  a target 
into  a data  bank,  there  are  many  different  kinds  of 
hardware  that  can  be  used  satisfactorily.  Much  more 
important  will  be  the  extent  to  wliich  the  operator’s  task 
is  integrated  into  the  hardware  and  computer  software. 

Wlicn  the  task  sequence  is  structured,  there  arc  several 
ways  of  reducing  the  demand  on  the  operator.  If  thc'e 
are  only  a few  options,  the  input  controls  can  be 
designed  to  reflect  this  sequence.  That  is,  the  operator 
might  work  from  left  to  riglit  across  a matrix  of 
pushbuttons,  selecting  one  from  each  column.  With 


6.7.2  KEYBOARDS 

This  section  considers  keyboard  features  of  particular 
importance  in  the  preparation  of  reports  and  in  the 
control  of  computers  and  computer-driven  displays.  Tire 
term  “keyboard”  is  generally  limited  to  an  array  of 
pushbutton-type  controls,  or  keys,  but  many  of  the 
comments  made  here  also  apply  to  comparable  arrays  of 
other  controls  such  as  toggle  switches.  Specific  details  of 
keyboard  design,  such  as  key  resistance  and  key  spacing, 
are  covered  in  Section  6.2.2. 

The  keys  on  a keyboard  can  be  divided  into  two 
categories.  Keys  representing  each  category  are  often 
included  on  a single  keyboard. 

• Function  keys  control  a single  action  or  function. 
Typierd  function  keys  are  those  controlling  erase  and 
cursor  movement.  A special-purpose  function  key 
might  record  the  information  that  a specific  class  of 
target  was  present  in  the  imagery. 

• Free  response  keys  control  individual  symbols,  pri- 
marily alphanumeric  characters,  that  represent  infor- 
mation or  which  can  be  combined  to  command  a 
particular  function. 


sliglitly  more  sophisticated  hardware,  the  pushbutton 
options  available  to  the  operator  at  a particular  step  in 
the  sequence  can  be  illuminated.  If  there  are  more  input 
options  than  there  is  space  for  pushbuttons,  legend 
pushbuttons  capable  of  displaying  10  to  12  different 
labels  are  available  so  that  each  pushbutton  can  be  used 
to  control  several  diffrrent  functions.  If  the  task  is 
structured  but  there  are  mar.y  different  options,  or  if  the 
structure  is  likely  to  change,  the  computer  software  can 
be  used  to  indicate  to  the  operator  on  a CRT  the  control 
0)-tiuns  available  or  the  input  information  required  at 
each  step. 


Function  keys  provide  more  rapid  control  of  particular 
functions,  but  they  limit  the  number  of  controlled 
functions  to  the  numo'r  of  keys  available.  Free  response 
keys  impose  no  such  limit  on  the  number  of  functions, 
but  they  provide  much  slower  access  to  each  function. 

If  functions  are  used  only  in  certain  sets,  the  number  of 
functions  can  be  increased  by  providing  a master  control 
that  assigns  one  of  the  possible  sets  to  a single  set  of 
keys.  Some  method  of  changing  the  key  labels  so  that 
the  operator  will  remain  aware  of  the  functions  in  use 
must  be  provided.  For  tasks  that  follow  a fixed  or 
programmable  sequence  of  sets  of  functions,  automatic 
reassignment  of  functions  to  keys,  with  appropriate 
automatic  changes  in  labeling,  can  result  in  a consider- 
able simplification  of  a complex  task. 

The  most  common  keyboard  layout  is  the  so-called 
QWERTY  arrangement  used  on  typewriters  and  illus- 
trated in  Figure  6.2-27.  Althouglr  it  is  generally  recog- 
nized that  other  key  arrangemen  .s  such  as  that  devel- 
oped by  Dvorak  are  more  effici  nt,  the  differences  in 
performance  that  have  been  meastred  are  not  considered 
sufficient  to  compensate  for  the  disruption  that  would 
result  from  a change  to  a new  configuration  (Ref.  8). 
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6.7.3  LiGHT  PENS 

A light  pen  is  a device,  often  pencil  shaped,  that  is  held 
against  the  face  of  a CRT  to  indicate  the  location  of  a 
desired  display  change.  For  many  applications,  the  light 
pen  is  mud  more  convenient  and  faster  than  an 
alternative  such  as  a joystick-controlled  cursor  (Ref.  9). 
The  potential  difficulties  to  be  considered  when  evalu- 
ating a light  pen  are  listed  below.  Other  summaries  of 
this  topic  are  available  (Ref.  10). 

• Most  CRT’s  are  located  so  that  the  light  pen  user 
must  keep  his  arm  extended  and  nearly  horizontal. 
Without  some  type  of  support,  which  would  probably 
interfere  with  pen  positioning,  this  arm  position  is 
quickly  fatiguing. 


6.7.4  VOICE  INPUT 

There  are  two  ways  the  display  operator  can  use  his 
voice  as  a means  of  inputting  information  or  commands. 
The  first,  which  is  largely  limited  to  information  such  as 
the  report  of  a target  seen  in  the  display,  is  to  record  the 
report  on  tape  for  later  transcription  into  typed  or 
keypunched  form.  The  transcription  can  be  made  either 
by  the  display  user  or  by  a clerk.  The  transcription  time 
i.s  about  the  same  with  either  approach  (Ref.  1 1),  but 
the  use  of  a clerk  frees  the  display  operator  to  spend 
more  time  looking  at  imagery.  Whether  a significant 
amount  of  time  could  be  saved  depends  on  the  individ- 
ual work  situation.  One  problem,  no  matter  who  does 
the  transcription,  is  that  some  operators  will  probably 
find  it  difficult  to  compose  a report  orally,  rather  than 
in  written  form. 

A second  way  to  use  voice  input  is  with  an  electronic 
device  that  recognizes  words  directly.  The  technology  in 
this  area  is  improving,  with  claims  in  trade  journals  (Ref. 
12)  of  devices  with  vocabularies  of  150  or  even  1,000 
words,  and  a requirement  for  each  operator  to  repeat 
each  word  only  about  ten  times  before  the  device  can 
.ecognize  it  consistently.  This  kind  of  device  can  make  a 
large  contribution  in  a situation  where  an  operator  must 
keep  both  hands  free,  or  where  he  is  already  overbur- 
dened with  too  many  controls.  Because  such  situations 
do  not  usually  occur  with  imagery  displays,  and  because 
of  the  very  high  cost  of  such  devices,  there  are  no 


• Tlie  cable  connecting  the  light  pen  to  the  display  can 
interfere  with  positioning  the  pen;  it  tends  to  obscure 
parts  of  the  display,  and  if  heavy,  it  can  increase  arm 
fatigue. 

• The  positioning  accuracy  of  the  pen  may  be  inade- 
quate, particularly  with  the  large  parallax  introduced 
by  a thick  CRT  faceplate.  This  problem  can  be 
reduced  by  providing  an  indication  of  the  display 
change  about  to  be  made,  with  the  change  becoming 
permanent  only  after  a confirming  control  input  by 
the  user. 


obvious  imagery  disp'ay  applications  at  present. 
Increased  operator  fatigue,  at  least  with  older  voice 
recognition  devices,  is  also  a potential  problem  (Ref. 
13). 

Computer  queries  to  the  operatoi  to  indicate  what 
information  is  required  next,  much  as  is  described  in 
Section  6.7.1,  would  probably  make  oral  reporting 
easier,  more  efficient  and  more  error  free.  The  hardware 
and  software  required  are  not  insignificant. 

Voice  displays  are  discussed  very  briefly  in  Section 
6.4.4.  It  is  intriguing  to  consider  applications  of  voice 
displays  that  allow  the  display  user  to  listen  to  the 
report  generated  from  prerlous  coverage  of  a target 
while  be  views  it  on  new  coverages.  Althougli  this  miglit 
have  some  applications  in  tasks  such  as  the  detection  of 
changes  in  target  status,  implementation  of  a workable 
system  is  a formidable  task.  One  of  the  disadvantages 
associated  with  a voice  display-the  fact  that  speech  is 
muf  1 slower  than  reading-can  be  partially  overcome  by 
the  recent  development  of  electronic  devices  that  allow 
tape-recorded  speech  to  be  played  at  up  to  three  times 
normal  speed  (Ref.  14).  Other  disadvantages  remain, 
such  as  the  greater  difficulty  in  accessing  a specific 
portion  of  a report  and  in  scanning  an  entire  report  at 
very  high  speed  to  find  a particular  part  of  interest. 
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6.7.5  SYSTEM  RESPONSE  TIME 
RECOMMENDATIONS: 

Keep  display  user  waiting  times  as  short  as  possible.  The  suggested  limit  for  a new  page  to  appear  is  5 
seconds,  and  for  a page  to  scroll,  or  move  vertically  by  a single  line,  the  suggested  limit  is  1 second. 

If  longer  delays  are  necessary,  inform  the  u:er  of  the  anticipated  duration  of  the  delay,  and  why  it  is 
occurring. 

Inform  the  user  of  a control  input  error  immediately. 


User  tolerance  to  the  time  lag  between  an  input 
command  and  the  display  response  deprends  cn  many 
factors.  Delays  of  more  than  a few  seconds,  if  they  occur 
frequently,  may  seriously  reduce  work  time  and  disrupt 
the  operator’s  thought  process.  The  acceptability  of  such 
waiting  periods  is  likely  to  depend  heavily  on  the  user’s 
intellectual  and  emotional  commitment  to  the  display 
system.  That  is,  the  user  will  be  more  tolerant  of  system 
delays  that  he  regards  as  essential  or  helpful  than  of 
those  he  considers  a waste  of  money  or  as  interfering 
with  getting  a job  completed. 

The  acceptability  of  waiting  periods  of  more  than  a few 
sec ‘ids  can  be  increased  by  providing  the  user  with  an 
indication  of  how  much  waiting  time  remains,  and  of 
why  the  delay  is  occurring.  Also,  it  is  very  important  to 
inform  the  operator  of  errors  rapidly.  Waiting  many 


seconds  fof  a machine  response,  only  to  learn  that  the 
command  was  in  error,  will  only  add  to  the  frustration 
due  to  the  error. 

Based  on  experience  in  developing  alphanumeric  CRT 
displays,  but  not  on  any  test  data,  the  following  general 
guidelines  have  been  suggested.  No  relevint  controlled 
experimentation  on  any  of  these  topics  is  known. 

• Small  changes,  such  as  the  insertion  or  deletion  of  a 
character  or  the  movement  of  a cursor,  should  occur 
almost  instantly  after  the  input  command  (Ref.  IS). 

• Waiting  times  for  a new  page  of  a display  should  not 
exceed  a few  seconds,  and  the  time  required  for  a 
display  page  to  scroll,  or  move  up  or  down  by  a single 
line,  should  not  exceed  1 second  (Ref.  15). 
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SECTION  6.8  SAFETY 


ll  is  csscntj.il  that  cxposuie  potsi)iincl  lo  ilangetmis  I'lccd  by  display  operalini!  and  niainlcnam.c  personnel 

siiua'ions  be  kepi  lo  an  jlisolnte  ininiimnn.  Design  arc  discussed  in  ibis  section, 

recoinmendations  for  ilie  principal  hazards  that  might  be 

6.8.1  NONIONIZING  RADIATION 

CAUTION: 

Because  of  new  test  data  and  experiments  stilt  in  pro~'  rss,  safety  limits  for  nonionizing  radiation  are  in  a 
state  of  flux.  Lower  limits  are  likely,  particularly  in  the  300  nm  to  500-nm  region. 

RECOMMENDATION: 

In  spectral  regions  where  the  effect  of  radiant  energy  is  to  heat  the  surface  of  the  body,  which  generally 
means  wavelengths  from  315  nm  to  about  10®  nm,  limit  exposure  of  more  than  a few  tens  of  square 
centimeters  of  body  surface  to  a radiant  energy  level  of  less  than  0.025  W/cm^  (Ref.  1).  (This  limit  is  in 
addition  to  those  in  Sections  6.8.1. 1 through  6.8.I.4.) 


The  display  user  can  see  the  displayed  image  best  if  it 
has  a high  luminance  (Section  3.2.6).  However,  this  high 
luminance  must  not  result  in  stifficient  radiant  energy 
reaching  the  user's  eye  or  skin  that  there  is  any  chance 
of  injury.  Because  the  effect  of  nonionizing  radiant 
energy  is  so  dependent  on  wavelength,  different  safety 
limits  are  necessary  in  different  pans  of  the  electromag- 
netic spectrum.  These  are  presented  in  Sections  6,8. 1,1 
through  6, 8. 1.5  below. 

Radiant  energy  that  reaches  body  tissue  is  either 
reflected,  transmitted,  or  absorbed.  Energy  that  is 
absorbed  can  affect  body  tissue  in  two  ways: 

• If  the  radiant  energy  has  the  proper  wavelength,  it 
can  have  a direct  biological,  or  biochemical,  effect 
The  best  known  e.xair.ples  arc  certain  wavelengths  in 
the  ultraviolet  region,  which  cause  tanning,  or,  if  the 
c.vposurc  is  excessive,  sunburn,  and  wavelengths  in 
the  400-  to  700-nm  region  which,  if  they  reach  the 
retina  in  sufficient  quantity,  yield  the  sensation  of 
light . (Radiant  energy  that  has  a direct  biochemical 
effect  is  known  as  aclinic.  This  term  is  generally  used 
for  ultraviolet  but  not  for  visible  radiant  energy.) 

• All  absorbed  radiant  energy  not  stored  in  chemical 
form  as  a result  of  a direct  biological  reaction  remains 
as  heat,  which,  unless  it  is  radiated  or  conducted 
away  from  the  body  tissue,  causes  a temperature  rise. 
If  the  temperature  rise  is  excessive,  injury  to  the 
tissue  results.  Smaller  temperature  rises,  in  body  areas 


such  as  the  skin,  will  cause  discomfort  and  sweating 
or.  in  some  cases,  a drying  of  the  skin.  The 
Illuminating  Engineering  Society  (lES)  handbook 
(Ref.  1)  suggests  a radiant  energy  limit  of  0.025 
W/cm-. 

Figure  6.8-1  shows  the  generally  accepted  mode,  and 
location,  of  the  action  of  radiant  energy  at  different 
wavelengths.  Very  recent  data  suggest  that  there  is  also 
direct  biological  damage  to  the  retina  in  the  blue,  or 
short-wavelength  region  of  the  visible  spectrum  (Ref.  2). 
This  is  discussed  further  in  Section  6.8. 1 .3). 

The  radiant  energy  exposure  limits  given  in  this  section 
are  the  most  realistic  possible  given  the  present  state  of 
knowledge.  It  is  likely  that  within  a few  years  more 
realistic  limits  will  be  possible  in  some  spectral  regions 
and  in  many  cases  these  will  be  lower  and  more 
restrictive.  Among  the  reasons  for  these  changes  are  the 
following: 

• Techniques  fo,  assessing  biological  damage  arc 
becoming  more  sensitive. 

• Additional  data  on  corneal  injury  due  to  radiant 
energy  with  wavelengths  of  300  nm  and  longer  :ne 
being  collected,  in  order  to  derive  a more  correct 
action  siwctnim  in  this  region  (Figure  6.8-3)  (Ref.  3). 
It  is  anticipated  that  these  tests  will  include  more 
trials  involving  lengthy  exposure  to  low  energy  levels, 
reducing  the  current  need  to  derive  criteria  for  such 
situations  from  data  on  brief,  intcn.se  exposures. 
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6.8-1 


SECTION  6.8  SAFETY 


6.8.1  NONIONIZING  RADIATION  (CONTINUED) 

• Tlio  rocciU  repoitiii};  of  ;i  direct  I'.ioloiiical.  rather 
than  thermal.  ctTect  of  radiant  eneruy  in  tire  short 
vcavelen^th.  or  hliie.  teeion  of  the  visible  spectrum  is 
likely  to  result  in  lower  limits  in  this  spectral  reyion 
(Ref.  2). 

• There  is  a suspicion  that  for  wavelenittli  regions  in 
which  the  damaee  mechanism  is  hiochemicai  rather 
than  thermal,  exposure  to  radiant  enerity  a’  one 
wavelenjtth  may  lower  the  damaee  tlireshold  at  other 
wavelengths. 

Many  different  sets  of  units  are  in  use.  When  a direct 
birtlogical  damage  moclianism  is  involved,  or  when  the 
duration  of  exposure  is  so  brief  that  the  rate  at  which 
heat  is  conducted  away  frvim  the  tissue  where  the 
radiation  is  being  absorbed  is  irrelevant,  then  it  is  most 
appropriate  to  speak  in  terms  of  the  total  energy  in  units 
such  as  joules  (J)  or  watt  seconds  (W  sec).  Wlien  the 
damage  mechanism  is  primarily  thermal,  and  the  expo- 
sure is  long  enough  that  conduction  of  heat  away  from 


the  tissue  is  in  portant,  it  is  more  appropriate  tv)  use 
units  that  indicate  power,  or  the  rate  at  which  ladiaiit 
energy  is  being  absorbed.  These  are  watts  (W)  or  joules 
per  second  (J  sec).  Tliese  are  tiiscusseu  furtlierin  Figure 
6.S-2  and  ill  Section  (i.H.l-.l.  Lnergy  is  generally 
expressed  as  energy  per  unit  aiea.  or  energy  density. 

Accurate  measurement  of  radiant  energy  levels  in  si'ine 
of  the  spectral  regions  discussed  in  this  section  is  very 
difficult.  This  is  paiiicularly  true  in  tlie  spectral  region 
below  400  nm,  where  the  permissible  amount  of  radiant 
energy  is  many  times  lower  than  tlie  amount  of  radiant 
energy  in  the  400-  to  700  nm  region  reipiired  to  provide 
adequate  image  luminance  (Kef.  4).  The  American 
National  Standards  Institute  (ANSI)  standard  for  laser 
safety  suggests  that  measurements  should  be  accurate 
witbin  +20  percent,  at  least  whenever  the  available 
technology  permits  this  level  of  accuracy  (Ref.  5). 

Several  extensive  summaries  of  the  effects  of  nonioni/'- 
ing  tc'liation  are  aviilable  (Ref.  (>). 


Figure  6.8-1.  Impact  of  Radiant  Energy  on  the  Eye.  The 
portions  of  the  eye  most  affected  by  radiant  energy  in  the 
various  parts  of  the  electromagnetic  spectrum  are  illus- 
trated here,  along  with  the  section  numbers  where  each  is 
treated  in  detail  (Ref.  6).  Not  included  in  this  illustration 
is  microwave  ractiation  (Section  G.8. 15),  which  is  gene'- 
ally  absorbea  by  all  body  tissue. 


6.8-2 


SECTION  6.8  SAFETY 


6.8.1  NONIONiZlNG  RADIATION  (CONTINUEDI 


ENERGY 

DEFINITION:  ENERGY  IS  THE  CAPACITY  TO  DO  WORK 

UNITS:  1 JOULE  U)  - 1 NEWTON  METER  10^  ERGS 

--  10^  DYNE  CENTIMETERS 

- 0.24  (GRAM)  CALORIES 

POWER 

DEFINITION:POVvER  ISTHE  RATE  ATWHICH  WORK 
IS  DONE,  IT  IS  ALSO  THE  TIME  RATE  OF 
FLOW  OF  ENERGY 
UNITS:  WATTS  (W) 

LUMINOUS  POWER 

DEFINITION:  RADIANT  POWER,  WEIGHTED  ACCORDING 
TO  LUMINOSITY  CURVE  OF  EVE 
(Figure  3.2-2  and  5.2-7) 

UNITS;  LUMENS  (Iml 

CONVERSIONS 

1 JOULE  = 1 WATT  SECOND 
1 JOULE/SECOND  ‘ 1 WATT 
1 WATT  (at  555  nm)  - 680  LUMENS 

NOTE;  THE  PREFIX  m MEANS  10'^.  HENCE 
ImW^  0.001  W. 


Figure  6.8-2.  Units  Used  in  Specifying  Radiant  Energy 
Limits.  Depending  on  the  duration  of  the  exposure,  it 
may  be  most  useful  to  give  limits  on  radiant  energy  in 
terms  of  energy  units,  such  as  joules  (J),  or  in  terms  of 
the  rate  of  flow  of  radiant  energy  (power)  units,  such  as 
watts  (W).  The  relationship  between  these  units  is  sum- 
marised here. 

When  radiant  energy  in  the  visible  region  of  the  spectrum, 
nominally  400  to  700  nm,  is  involved,  it  is  helpful  also  to 
use  units  that  indicate  the  visual  effectiveness  of  the  radi- 
ant energy.  The  standard  unit,  the  lumen,  is  related  to 
radiant  power  as  is  shown  here.  Wavelengths  other  than 
555  nm  receive  a smaller  weight,  as  is  defined  by  the  liiiii- 
inosity  curve  for  the  eye  in  Figures  3.2-2  and  5.2-  7.  For 
example,  1 watt  at  650  nm  yields  only  73  lumens.  For 
some  purposes,  it  is  also  useful  jp  know  that  1 lumen  per 
square  meter  steradian  (1  Im/m^  sr)  equals  1 cd/m^  (0.3 
fL). 

The  relationship  between  lumens  and  watts  varies  as  a 
function  of  lamp  type,  and  of  course  as  a result  of  any 
filters  in  use.  For  example,  a typical  500-watt  incandes- 
cent lamp  yields  approximately  50  lumens  for  each  watt 
of  radiant  energy,  with  the  latter  measured  over  the  wave- 
length range  of  400  to  1400  nm  (Ref.  7).  The  comparable 
value  for  a cool  white  fluorescent  lamp  is  300  lumens. 
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SECTION  6.8  SAFETY 


6.8.1.1  ULTRAVIOLET  RADIANT  ENERGY  (200  to  315  nm) 

RECOMMENDATION: 

Limit  daily  radiaut  “nergy  exposure  to  an  effective  value  of  0.003  J/cm^,  measured  as  described  in  Figure 
6.8.4.  (For  exposure  of  large  skin  areas,  also  see  the  recommendation  at  the  beginning  of  Section  6.8.1.) 


Most  rauiant  energy  absorbed  by  the  body  is  converted 
to  heat.  Radiant  energy  in  the  actinic,  or  active, 
ultraviolet  region  of  the  spectrum,  with  a wavelength  of 
approximately  200  to  315  nm,  has  an  additional  direct 
biological  effect  on  the  skin  and  eyes.  Tlie  skin  responds 
by  an  increase  in  pigmentation  (tanning),  or  if  the 
exposure  is  excessive,  with  erythema  or  reddening,  as  in 
sunburn.  • 

In  the  eye.  energy  in  this  spectral  region  is  absorbed  by 
the  cornea  and  conjunctiva  (Figure  3.1-1).  If  the 
exposure  is  excessive,  a very  painful  condition  known  as 
photokeratitis,  or  keratoconjunctivitis  results.  Tlie  symp- 
toms, which  topically  appear  about  a half  day  after 
exposure,  include  the  sensation  that  a foreign  body,  like 
sand,  is  in  the  eye,  an  aversion  to  bright  liglits,  tears,  and 
spasms  of  the  eyelid  (Ref,  8).  The  symptoms  usually  last 
6 to  24  hours  (Ref.  8)  and  except  in  extreme  cases,  are 
not  permanent  (Ref.  9).  iic  most  freqitciit  causes  of 
photokeratitis  are  excessive  exposure  to  a welding  arc  or 
sun  lamp. 

Tlie  ultraviolet  radiant  energy  from  the  sun  is  also 
sufficient  to  cause  photokeratitis,  at  least  around  noon 
in  certain  areas  such  as  the  tropics  (Ref.  10).  For  several 
reasons,  including  the  shielding  of  the  eyes  from  most 
direct  rays  of  the  sun  by  the  face  and  because  most  rays 
that  do  strike  the  eye  arrive  at  an  oblique  angle  and 
glance  off,  photokcratitis  from  the  sun  is  very  rare.  Tire 
principal  exception  is  when  the  ultraviolet  rays  are 
reflected  into  the  eyes  by  snow,  which  is  the  only 
commonly  occurring  natural  material  that  reflects  in  this 
spectral  region  (Ref.  10). 

Althougli  most  of  the  radiant  energy  from  the  light 
sources  used  in  imagery  displays  is  at  wavelengths  longer 
than  315  nm,  even  a typical  low  wattage  incandescent 


lamp  filament  can  produce  a biologically  significant 
amount  of  radiant  energy  below  315  nm  (Ref.  11). 
Typical  optical  materials,  such  as  most  kinds  of  glass 
(Ref.  12)  and  plastic,  have  very  lo,v  transmission  in  tlie 
region  below  31 5 nm  and  this  usually  serves  to  eliminate 
any  hazard.  However,  because  the  amount  of  ultraviolet 
energy  requ'r-ed  for  injury  is  so  low  and  because  an 
injury  is  poleufially  so  serious,  all  itew  displays  should 
be  i;hecked. 

Because  the  radiant  energy  in  the  visible  region  of  the 
spectrum  is  so  much  g,-eater  in  an  imagery  display  than  is 
the  permissible  ultraviolet  radiant  energy,  measurements 
to  establish  whether  ultravioK  ■ .nits  arc  being  exceeded 
are  difficult  to  obtain.  Unless  the  spectrtil  cutoff  of  the 
spectroradiometer  is  extremely  sharp,  a major  portion  of 
the  reading  obtained  may  be  due  to  radiant  energy  with 
a wavelength  longer  than  31 S nm.  If  an  adequate 
instrument  is  not  available,  it  may  still  be  possible  to 
demonstrate  that  a particular  display  does  not  exceed 
permissible  ultraviolet  limits.  This  can  be  done  by  using 
a filter  with  known,  extremely  low.  transmission  in  the 
hazardous  ultraviolet  region  and  higli  tr  'nsmission  in  the 
longer  wavelength  region  to  obiaiii  an  estimate  of  the 
minimum  contribution  of  the  longer  wavelengths  to  the 
reading  (Reh  10).  Many  types  of  readily  available  glass 
should  be  suitable. 

NOTE: 

In  most  imagery  displays,  the  presence  between  the 
illumination  source  and  the  eye  of  a sheet  of  glass  with 
near  zero  transmittance  in  the  spectral  region  close  to 
and  below  315  nm  should  eliminate  the  risk  of  corneal 
injury.  The  data  in  this  section,  plus  a spectra!  output 
curve  for  the  illumination  source  in  use,  should  allow 
calculation  of  how  close  to  zero  the  transmittance  must 
be. 
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SECTION  6.8  SAFETY 


6.8.1. 1 ULTRAVIOLET  RADIANT  ENERGY  (200  to  315  nm)  (Continued) 


Figure  6.8-3.  Ultraviolet  Action  Spectrum.  The  best 
available  <7(7/Vw  spectrum,  or  relative  spectral  effectiveness 
of  radiant  energy  in  causing  undesirable  effects  in  the 
cornea,  is  illustrated  here  (Ref.  13).  This  curve  was  fit  by 
Sliney  to  several  sets  of  test  data  (Ref.  10)  and  is  used  in 
the  recommendations  of  two  major  safety  organizations 
(Ref.  14).  The  current  laser  exposure  limit  uses  a similar 
maximum  energy  value,  3 mJ/cm^,  but  differs  in  that  it 
gives  equal  weight  to  the  entire  spectral  region  from  200 
to  302  nm  (Ref.  15). 

Data  collected  by  Pitts  et  al.  (Ref.  8),  and  which  were 
used  by  Sliney  in  developing  this  curve,  suggest  that 
radiant  energy  with  a wavelength  longer  than  290  nm  has 
more  effect  than  is  indicated  here  (Ref.  16).  Although  the 
differences  between  this  curve  and  Pitt's  curve  are  small, 
the  impact  on  the  effective  irradiance  value  will  be  large  if 
the  amount  of  radiant  energy  is  decreasing  rapidly  in  the 
290-  to  315-nni  region.  This  is  the  situation  for  sunlight 
and  for  certain  combinations  of  artificial  illumination  and 
glass  (Ref.  17). 

It  is  understood  that  experiments  are  in  progress  to  refine 
this  curve,  particularly  in  the  region  above  300  nm  (Ref. 
3). 


SECTION  6.8  SAFETY 


6.8.1. 1 ULTRAVIOLET  RADIANT  ENERGY  (200  to  315  nm)  (Continued/ 


S;^Av,.  WHERE: 

Eg,,  “ EFFECTIVE  IRRADIANCE  IN  THE  200  nm  TO  315  nm 
spectral  region,  in  mW/cm2 

E^  --  MEASURED  SPECTRAL  IRRADIANCE  IN  mW'cm^  nm 

S = RELATIVE  SPECTRAL  EFFECTIVENESS  (dimensionless)  Isee  below) 

A;^  ‘ BANDWIDTH  IN  NANOMETERS  (nm) 


WAVELENGTH 

(nm) 

RELATIVE 
SPECTRAL 
EFFECTIVE- 
NESS 
(S  ^) 

DAII.Y 
EXPOSURE 
LIMIT  _ 
(mJ/cm*) 

EFFECTIVE 
IRRADIANCE, 
Eg,,  (mW/cm2) 

MAXIMUM 
EXPOSURE 
PER  DAY- 

200 

0.03 

100 

0.0001 

8 HR 

210 

0,075 

40 

0.0002 

4 HR 

220 

0.12 

25 

0.0004 

2 HR 

230 

0.19 

16 

0 0003 

1 HR 

i40 

0,30 

10 

0.0017 

30  MIN 

250 

0.43 

7.0 

0.0033 

15  MIN 

254 

0.5 

6.0 

0.005 

10  MIN 

260 

0.65 

4 6 

0.01 

5 MIN 

270 

1.0 

3.0 

0.05 

1 MIN 

280 

0.88 

3.4 

0.1 

30  SEC 

290 

0.64 

4.7 

0.3 

10SEC 

300 

0.30 

10 

3.0 

1 SEC 

305 

0.06 

50 

6.0 

0.5  SEC 

310 

0,015 

200 

30.0 

0.1  SEC 

315 

0.003 

1000 

•THESE  VALUES  ASSUME  THAT  NO  OTHER 
OCCUPATION  AL  EXPOSURE  OCCURS 


Figure  6.8-4.  Exposure  Limit  for  Actinic  (200-  to  315- 
nm)  Ultraviolet  Radiant  Energy.  The  best  available  limit 
for  occupational  exposure  of  the  eye  or  skin  to  radiant 
energy  in  the  spectral  region  of  200  to  315  nm  is  illus- 
trated here.  This  limit  is  based  on  the  action  spectra  in 
Figure  6.8-3  and  has  been  recommended  by  the  American 
Conference  of  Government  and  Industrial  Hygienists 
(ACGIH)  (Ref.  18)  and  by  the  National  Institute  for 
Occupational  Safety  and  Health  (NIOSH)  (Ref.  19). 


The  maximum  daily  exposure  permitted  is  an  effective 
irradiance  of  3 millMoules  (3  milliwatt  seconds)  per  square 
centimeter  (mJ/cm^).  The  equations  and  tables  shown 
can  bo  used  to  convert  irradiance  measured  in  each  part  of 
the  spectrum  to  total  effective  irradiance.  Alternatively,  if 
sensors  with  a spectral  sensitivity  like  Figure  6.8-3  become 
available,  only  a single  measurement  will  be  required. 

For  corneal  exposure,  the  irradiance  must  be  measured 
over  an  area  no  larger  than  about  1 mm  (Ref.  15). 

There  is  some  uncertainty  whether  the  3-mJ/cm^  effective 
irradiance  limit  should  be  reduced  in  situations  where 


exposure  is  repeated  on  many  consecutive  days.  The 
implication  drawn  from  documents  containing  t!iis  limit  is 
that  it  need  not  be  reduced.  Recent  reviews  are  contra- 
dictory in  tnat  they  indicate  either  that  no  reduction  is 
required  (Ref.  20)  or  that  the  available  data  are  inade- 
quate to  draw  any  conclusion  (Ref.  10).  In  neither  review 
was  any  test  data  cited.  In  the  only  known  study  in  which 
the  effect  of  repeated  exposures  was  tested  (Ref.  21),  it 
was  concluded  that— 

• Exposures  of  one-third  threshold,  given  daily,  resulted 
in  peiceptible  injury  after  six  exposures. 

• Exposures  of  one  sixth  threshold,  given  daily  over  a 
long  period,  produced  no  effect  except  perhaps  a 
slight  immunity  against  greater  exposures. 

The  threshold  data  from  this  particular  study  are  not 
directly  comparable  to  the  3-mJ/cm^  figure  because  a 
bro-idband  source  was  used.  The  best  available  modern 
data  suggest  that  the  single-exposure  threshold  is  an  effec- 
tive irradiance  of  4 mj/cm^.  If  the  repeated-exposure  data 
are  correct,  this  value  would  imply  that  a 3-mJ/cm^  limit 
is  too  high  for  some  work  situations. 


6.8-6 


SECTION  6.8  SAFETY 


6.8.1.2  NEAR  ULTRAVIOLET  RADIANT  ENERGY  (315  to  400  nm) 


RECOMMENDATION: 

Limit  eye  and  skin  radiant  energy  exposure  in  the  315-  to  400-nm  region  to  0.001  W/cm^  for  exposure 
durations  longer  than  1,000  seconds  and  for  shorter  durations,  to  no  more  than  1 J/cm^  within  a 
1,000-second  period,  measured  with  a maximum  aperture  of  1 mm.  (For  exposure  of  large  skin  areas,  also 
see  the  recommendation  at  the  beginning  of  Section  6.8.1.) 


Radiant  energy  in  the  315-  to  400-nm  region  is  absorbed 
primarily  in  the  lens  of  the  eye,  and  to  a lesser  extent  in 
the  cornea  and  aqueous  humor  (Figure  3.1-1)  (Ref.  22). 
Tliere  is  some  suggestion  that  excessive  exposure  in  this 
spectral  region  can  cause  cataracts  to  form  in  the  lens. 
For  example,  in  one  test  16-minute  exposure  to  a 
1.5-mm-diameter,  325-nm  laser  beam  with  a corneal 
irradiance  of  0.85  W/cm^  (a  total  power  of  0.01  W) 
resulted  in  a cataract  in  the  eye  of  a rabbit  (Ref.  23). 
However,  considerably  more  data  is  necessary  in  order  to 
set  reliable  design  limits. 


The  best  available  limits,  for  the  eye  or  the  skin,  are 
0.001  W/cm“  for  exposures  longer  than  1 ,000  seconds. 
For  shorter  exposures,  the  limit  is  1 J/cm^  (1  W sec/cm“) 
in  any  1 ,000-second  period  (Ref.  24).  The  appropriate 
measurement  area  is  1 mm  or  less  in  diameter; 

As  is  discussed  in  Section  3.2.7 .2.  radiant  energy  in  the 
315-  to  400-nm  region  should  also  be  minimized  because 
it  causes  the  eye  to  fluoresce  and  the  resulting  veiling 
luminance  reduces  image  contrast. 


SECTION  6.8  SAFETY 


6.8.1.3  VISIBLE  AND  NEAR-INFRARED  RADIANT  ENERGY  (400  to  1400  nm) 


RECOMMENDATIONS: 

Limit  eye  exposure  to  surfaces  larger  than  about  1 degree  to  the  effective  radiance  values  in  Figure  6.8-6. 

For  any  source  that  might  come  within  a factor  of  about  1,000  of  reaching  the  limits  of  Figure  6.8-6, 
reduce  the  proportion  of  radiant  energy  at  wavelengths  shorter  than  560  nm.  (For  achromatic  displays, 
this  will  be  easy,  but  when  color  must  be  displayed,  the  requirements  of  Sections  3.2.7  and  5.2  must  also 
be  considered.) 

Preferably,  prevent  eye  exposure  to  intense  point  sources.  If  this  is  not  possible,  consult  Reference  25  for 
the  appropriate  limits. 

Limit  long  duration  skin  exposure  to  0.2  W/cm^,  measured  with  a maximum  aperture  of  1 mm  (Ref.  26). 
(For  exposure  of  large  skin  areas,  also  see  the  recommendation  at  the  beginning  of  Section  6.8.1). 


This  section  covers  the  prevention  of  eye  damage  as  a 
result  of  radiant  energy  witli  a wavelength  of  400  to 
1400  nm  from  a source  tiiat  subtends  a visual  angle 
greater  than  about  i degree.  It  does  not  treat  the 
potential  hazard  from  the  following  two  kin'ds  of  point 
sources  in  this  same  spectral  region  because  it  is  assumed 
that  display  operation  and  maintenance  personnel  will 
not  be  ‘•xposed  to  such  sources.  If  a potential  for  such 
exposure  exists,  the  referenced  documents  should  be 
consulted. 

• Viewing  of  a laser  beam.  This  is  potentially  very 
dangerous.  A staridard  is  available  (Ref.  5). 

• Viewing  of  point  sources  such  as  higli-wattage  >amp 
arcs  and  filaments.  These  arc  also  potentially  danger- 
ous, and  shields  and  electrical  interlocks  should  he 
used  to  prevent  their  being  viewed.  The  laser  safely 
standard  (Ref.  5)  is  a useful  guide  to  appropriate 
limits,  but  application  of  these  limits  may  require  use 
of  computational  techniques  described  in  other 
sources  (Ref.  25). 

Visible  and  near-infrared  radiant  energy,  with  a wave- 
length of  400  to  approximately  1400  nm,  is  largely 
transmitted  by  the  ocular  media  of  tlie  eye  and  absorbed 
at  the  retina  (Figure  6.8-5).  Unlike  corneal  injury  from 
ultraviolet,  injury  to  the  retina  is  generally  permanent 
(Ref.  27).  As  a result,  special  care  must  be  taken  to 
avoid  retinal  damage. 


Retinal  damage  due  to  an  excessive  amount  of  radiant 
energy  has  generally  been  assumed  to  be  due  to  a 
thermal  mcchanisiii.  However,  recent  evidence  indicates 
that  damage  also  occurs  through  direct  biochemical 
action,  at  least  in  the  sliort-wavelength  (blue)  end  of  the 
visual  spectrum  (Ref.  2).  For  a 1, 000-second  exposure 
on  a monkey  rc'ma,  if  the  absorbed  energy  required  to 
cause  damage  at  550  nm  is  assigned  a value  of  I.  the 
relative  amount  of  absorbed  energy  required  at  400  nm 
was  only  0.005,  while  at  700  nm  it  had  increased  to  a 
value  of  7 (these  values,  in  addition  to  being  relative,  arc 
only  approximate). 

Two  factors  that  have  an  impact  on  whether  a particular 
retinal  energy  density  will  cause  damage  are  retinal 
image  size  and  exposure  time.  Heat  is  more  easily 
conducted  away  from  a small  area,  which  reduces  the 
temperature  rise  and  hence  the  damage.  This  effect  is 
relatively  unimportant  for  image  sizes  greater  than  a few 
degrees  (Ref.  28). 

Brief  exposuies  cause  Ic.ss  retinal  temperature  rise  and 
hence  less  damage  than  long  exposures.  Exposure  to 
extremely  intense  sources,  such  as  the  sun  or  an 
incandescent  lamp  filament,  are  usually  brief  and  are 
usually  limited  to  the  duration  of  the  blink  reflex,  or 
about  0.2  second  (Ref.  28).  However,  individuals  can 
overcome  this  reflex  and  stare  at  such  sources.  In  the 
case  of  an  eclipse  of  tlic  sun,  the  result  can  be  serious. 
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SECTION  6.8  SAFETY 


6.8.1.3  VISIBLE  AND  NEAR-INFRARED  RADIANT  ENFRGY  (400  to  1400  nm)  (Continued) 


The  best  available  exposure  limits  for  imagery  displays 
are  described  in  Figme  6.H-6.  These  limits  were  devel- 
oped for  laser  .■.ources.  Because  localized  retinal  heating 
can  result  from  the  speckle  pattern  produced  by  the 
coherent  radiant  energy  from  a laser,  limits  based  on 


UJ 

> 


laser  energy  such  as  these  may  be  conservative  for 
display  applications,  where  the  radiant  energy  is  not 
coherent.  Conversely,  since  these  limits  do  not  yet 
/ reflect  the  data  collected  in  the  last  couple  years,  they 
may  be  too  generous. 


Figure  6.8-5.  Retinal  Absorption  of  Energy  Incident  on 
the  Cornea.  This  figure  illustrates  the  relative  amount  of 
radiant  energy  incident  on  the  cornea  that  actually  reaches 
the  retina  and  is  absorbed  there  (Ref.  29).  For  purposes  of 
computing  exposure  limits,  this  curve  is  estimated  by  the 
more  uniform  curve  shown  in  Figure  6.8-6. 

The  results  of  most  experiments  on  retinal  damage  are 
reported  in  terms  of  radiant  energy  per  unit  area  absorbed 
by  the  retina.  Since  the  energy  used  in  the  experiment  is 
actually  measured  at  the  cornea,  the  reported  retinal  value 
must  be  calculated  by  use  of  a curve  such  as  the  one 
shown  here,  plus  of  course,  a mea»uremont  of  pupil 
diameter. 
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Figure  6.8-6.  IVIaximuni  Safe  Exposure  to  400-  to 
1400-nm  Radiant  Energy.  The  best  available  limits  for 
exposure  of  the  eye  to  radiant  energy  with  a wavelength 
of  400  to  1400  nm  are  the  values  from  ANSI  Standard 
Z136.1  illustrated  here  (Ref.  15).  These  apply  to  any 
source  larger  than  about  1 degree;  smaller  sources  are 
more  properly  described  by  different  units  (Ref.  30).  No 
correction  for  pupil  size,  such  as  that  described  in  Section 
3.2.4,  is  used  here. 

Note  that  for  wavelengths  longer  than  700  nm,  a correc- 
tion factor,  K,  is  required  to  compensate  for  the  increase 
in  absorption  in  the  ocular  media  and  the  decrease  in 
absorption  by  the  retina  in  this  spectral  region  (Figure 
6.8-5)  (Ref.  15). 
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6.8.1.3  VISIBLE  AND  NEAR-INFRARED  RADIANT  ENERGY  (400  to  1400  nm)  (Continued) 
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Figure  6.8-7.  Estimation  of  Permissible  Image  Luminance. 
The  permissible  exposure  limits  in  Figure  6.8-6  are 
increased  in  inverse  proportion  to  the  effectiveness,  or 
relative  spectral  retinal  absorption,  of  the  image  radiance. 
When  appropriate  image  spectral  radiance  data  are  not 
immediately  available,  it  may  be  helpful  to  be  able  to 
estimate  whether  a particular  image  luminance  exceeds 
permissible  exposure  limits,  the  relationship  between 
luminance  and  radiance  has  been  published  for  typical 
lamps  (Ref.  7)  but  these  values  cannot  be  used  directly 
because  radiant  energy  with  a wavelength  greater  than  700 
nm  is  less  effective  in  heating  the  retina. 

If  the  spectral  distribution  of  radiant  energy  in  the  dis- 
played image  is  known,  the  luminosity  function  for  the 
eye  (Figure  3.2-2)  can  be  used  to  calculate  the  ratio 
between  luminance  and  effective  radiance  and  hence,  the 
permissible  luminance.  This  process  is  illustrated  here  for 
three  hypothetical  equal-energy -per  wavelengt!-;  sources 
that  differ  in  wavelength  range.  Since  the  monochro- 
matic source  (a)  falls  at  the  peak  cf  the  luminosity  curve, 
555  nm,  it  has  by  far  the  largest  ratio  of  the  three  and,  by 
the  definition  of  luminance,  the  largest  possible  for  any 
source.  The  next  largest  ratio  is  for  the  400-  to  700-nm 
source  (b),  followed  by  the  source  that  includes  the  full 
400  to  1400  range  (c).  Note  that  because  radiant  energy 
with  a wavelength  longer  than  700  nm  is  less  efficient  in 
heating  the  retina,  the  total  permissible  energy  for  this 
latter  source  is  increased  by  a factor  of  about  1.8  over 
that  permitted  for  the  other  two  sources.  Source  (c)  also 
happens  to  be  the  equal  energy  souice  identified  as  E in 
Figure  5.2-13. 

In  the  absence  of  test  data  it  is  not  possible  to  say  how 
close  any  specific  display  comes  to  either  of  the  broad- 
band sources  used  here.  However,  filters  to  remove 


infrared  are  readily  available,  and  these  would  likely  be 
used  with  any  ve^y  strong  source  in  order  to  protect  the 
film  as  well  .is  the  eye  from  unnecessary  heat.  Hence,  any 
well  designed  high-luminance  display  should  at  least 
approach  the  242  lumens  per  watt  figure  of  the  400-  to 
700-nm  source  used  here. 

The  two  most  important  exposure  durations  are  the  brief 
glance  when  the  operator  accidentally  looks  into  the 
display  while  the  luminance  is  turned  up  and  no  film  Is  in 
place,  and  his  exposure  for  several  hours  during  a normal 
workday.  A typical  blink  response  to  an  intense  and 
unexpected  light  is  about  0.2  second  (Ref.  28),  but  even 
assuming  that  the  operator  briefly  overcomes  this  response 
and  looks  for  a full  second,  the  calculations  shown  here 
suggest  that  he  will  still  be  safe  with  an  image  luminance 
of  24,200,000  cd/m2  (7,000,000  f L)  for  a 400-  to  700- 
nm  equal-energy  source.  These  calculations  also  show  that 
an  exposure  for  several  hours  to  a source  with  the  same 
spectral  characteristics  and  a luminance  of  4,800  cd/m^ 
(1,400  fL),  is  safe. 

Although  the  spectral  distributions  are  not  the  same,  it  is 
instructive  to  compare  these  values  with  luminances  for 
typical  surfaces  (Ref.  7); 

• 40W  fluorescent  lamp:  7,000  cd/m2  (2,000  fL) 

• Bright  clear  sky:  3,000  cd/m2  (1,000  fL) 

• Candle  flame:  10,000  cd/m2  (3,000  fL) 

Note  that  the  lumen  per  watt  values  shown  here  involve 
radiant  energy  over  a limited  bandwidth,  not  input  energy. 
Output  lumens  per  watt  of  energy  used  by  a typical  elec- 
tric lamp  range  from  10  to  100  (Ref.  31). 
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6.8.1.4  FAR-INFRARED  RADIANT  ENERGY  (1400  to  10®  nm) 


RECOMMENDATION: 

Limit  chronic  eye  and  skin  radiant  energy  exposure  in  the  1400-  to  lO^-nm  region  to  0.01  W/cm^.  For 
brief  exposure,  on  the  order  of  a few  minutes,  the  limit  is  0.1  W/cm^.  Use  a measurement  aperture  of  1 
mm  for  wavelengths  shorter  than  10^  iim,  and  an  aperture  of  11  mm  for  longer  wavelengths.  (For 
exposure  of  large  skin  areas,  also  see  the  recommendation  at  the  beginning  of  Section  6.8.1.) 


Radiant  energy  with  a wavelength  of  1400  to  1000  ntn  is 
absorbed  by  the  eornea  and  aiiueous,  and  beyond  1000 
nni  it  is  largely  absorbed  by  the  eornea.  The  ANSI  Z136 
limit  for  eye  or  skin  e.xposures  of  10  seeonds  or  more,  in 
the  wavelength  region  from  1400  to  10®  nm.  is  0.1 
W/em-,  with  the  measurement  being  made  with  a 1-mm 
aperture  for  wavelengths  up  to  10^  nm,  and  an  aperture 
of  1 1 mm  for  longer  wavelengths  ( Ref.  1 5 ). 


It  has  been  suggested  that  although  an  exposure  of  0.1 
W/cm-  for  a few  hours  or  even  days  will  not  cause  any 
injury,  the  limited  evidence  of  eye  damage  in  a few  glass 
and  steel  workers  exposed  for  10  to  IS  years  tr>  inbared 
irradiances  of  0.08  to  0.4  W/cm-  makes  a limit  of  0.01 
W/cin-  a more  appropriate  choice  for  situations  involv- 
ing long-term  exposure  (Ref.  32). 


6.8.1.5  MICROWAVE  RADIANT  ENERGY 

RECOMMENDATION: 

Limit  microwave  radiation,  over  the  frequency  r 
0.1-hour  period. 

Microwave  energy  is  largely  absorbed  by  the  body. 
Although  there  is  limited  evidence  of  direct  biological 
action  at  certain  frequencies,  the  only  well  established 
hazard  fro:n  microwave  radiation  is  direct  heating  of 
body  tissue  to  an  excessive  temperature  (Ref.  33). 

Microwaze  radiation  is  usually  defined  as  covering  the 
region  of  the  electromagnetic  spectrum  tfom  3x10^  to 


of  10^  to  10^^  Hz,  to  0.01  W/cm^,  averaged  over  a 

3x10*  * II/,  which  corresponds  to  wavelengths  r>f  Im  to 
1mm  (Ref.  34).  The  Occupational  Safety  and  Health 
Administration  (OSHA)  exposure  limit,  which  covers  a 
slightly  different  frequency  range.  lO"^  to  10**  Hz.  is 
0.01  W/cm-.  averaged  over  a 0. 1-hour  period  (Ref,  35). 


SECTION  6.8  SAI-ETY 


6.8.?  IONIZING  RADIATION 

loiii/iiig  radiatioii  s very  ilatijienuis  and  peisoiinel 
e.xposiire  must  bo  kept  to  a miniimnn.  loni/iii}!  ladiaiiun 
front  ima^iory  displays  is  generally  limited  to  low- 
intensity  X-rays  from  an  oeeasioital  television  moniii'r. 

llicrc  are  two  personnel  eategories  lor  e.vposuto  to 
ioni/ing  radiation.  “iK.eupal  'nal  nid  nonoeeupa- 
tional.”  ••Oecupational"  exposure  limits  apply  only  to 
personnel  working  in  a speeial  restrieted  area.  Sueh 
individuals  must  wear  a radiation  monitoring  deviee  and 
umst  receive  periodic  medical  examinations  to  check  tor 
radiation  injury.  It  is  unlikely  that  these  restrictions 
would  be  necessary  for  the  manutacture,  repair,  or  use 
of  imagery  displays.  All  other  radiation  exposure  falls 
into  the  "nonoccupationar'  category. 

Limits  on  exposure  to  ioni/ing  radiation  are  subject  to 
change.  The  current  (l‘)75)  limits  for  •‘nonoccupa- 
tional"  exposure  are  ( Ref.  dh): 

• 500  nirem  over  I calendar  year 

• 100  mrem  over  7 consecutive  days 

• 2 mrem  over  I hour 


On  the  same  date,  maximum  allowable  X-ray  output 
from  a television  monitor.  IRel.  .17).  was  0.5  milli- 
roentgen  per  hour,  measured  5 cm  from  the  monitor 
housing  undei  wrust  case  conditions  of  both  control 
settings  and  component  lailtire. 

Regulation  of  exposure  to  ioni/ing  radiation  is  shared 
among  sev,.ial  government  agencies.  The  display  designer 
is  most  likely  to  be  involved  with  two.  or  possibly  thre"- 

• The  Bureau  of  Radiological  Health  (BRll).  part  of  the 
Food  and  Drug  Administration,  which  in  turn  is  part 
of  the  Department  of  Health,  l-.ducation.  and  Welfare. 
The  BRH  sets  limits  on  radiation  from  electronic 
products  (See  Ret.  37.) 

• The  Occupational  Safety  and  Health  Administration 
(OSHAI,  which  is  part  of  the  Department  of  Ijbor. 
OSHA  sets  limits  on  worker  exposure  to  potential 
hazards. 

• fhe  Nuclea:-  Regulatory  Commission  (KRC). 
formerly  the  Atomic  Energy  Commission  (AEC). 
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6.8.3  ELECTRICAL 

NOTE:  Because  electrical  safety  standards  are  subject  to  change,  the  values  given  here  are  suitable 

primarily  for  general  guidance.  For  'current  standards,  consult  the  latest  version  of  MIL-STD-454, 
Standard  General  Requirements  for/ Electronic  Equipment  (Ref.  38). 


Will;  an  electrical  poieitiial  of  30  ^'olts,  or  even 
somewhat  less,  conditions  leadiny  to  low/  body  resistance 
such  as  relatively  larye  skin  area  (arm  hr  hand)  contact 
with  a wet  metal  surface  can  result  in  sufricient  current, 
more  than  10  ma  at  60  11/,  to  be  fata/lRef.  3d).  Hence, 

6.8.3.1  PHYSICAL  BARRIERS  ^ 

\ 

To  reduce  the  risk  of  accidental  coirtact  when  connec- 
tors arc  separated,  electrical  potcntialsishould  be  present 
only  on  female  pins. 

All  contacts,  terminals,  and  like  devices  haviny  voltages 
between  70  and  .300  voltj  rms  or  d.c.  with  respect  to 
ground  should  have  b'rricrs  or  guards  to  minimi/c 
accidental  contact  by  operating  or  maintenance  person- 

I 

6.8.3.2  TEST  POINT  VOLTAGE  REDUCTION 

When  the  operation  or  maintenance  of  equipment 
employing  potentials  in  excess  of  300  volts  peak  could 
require  that  these  voltages  be  measured,  the  equipment 
should  be  provided  with  test  points  so  that  all  high 
voltages  can  be  measured  at  relatively  low  potential 
level,  but  in  no  case  should  the  potential  exceed  300 
volts  peak  relative  to  ground.  This  may  be  accomplished 
through  the  application  of  voltage  dividers  or  other 

6.8.3.3  DISCHARGING  DEVICES 

Discharging  devices  should  be  provided  to  discharge 
high-voltage  circuits  and  capacitors  unless  they  discharge 
to  30  volts  within  2 seconds  or  less.  These  protec- 
tive devices  should  be  positive  acting,  highly  reliable, 

6.8.3.4  LEAKAGE  CURRENT 

All  equipment,  with  the  exception  of  that  specifically 
intended  for  use  in  a hazardous  electrical  environment 
by  personnel  w'ho  are  trained  and  skilled  in  electrical 
maintenance,  should  comply  with  the  provisions  of 
“American  National  Standard  for  Leakage  Current  for 


display  equipment  should  be  designed  to  protect  opera- 
tors and  maintenance  personnel  from  accidental  contact 
with  voltages  in  excess  of  30  volts  root  mean  square 
(rms)  or  direct  current  (d.c.). 


nel.  Holes  in  the  barrier  may  be  provided  for  mainte- 
nance testing.  Assemblies  operating  at  potentials  in 
excess  of  500  volts  rms  or  d.c.  should  be  completely 
enclosed  from  the  remainder  of  the  assembly.  The 
barrier,  guard,  or  enclosure  should  be  marked  to  indicate 
the  approximate  highest  normal  voltage  (neatest  round 
numbei ) that  may  be  encountered  upon  its  removal. 


techniques,  such  as  the  use  of  safety-type  pane!  meters 
and  multipliers.  If  a voltage  divider  is  used,  the  voltage 
divider  resistance  between  the  test  point  and  ground 
must  consist  of  at  least  two  equal  v.due  resistors  in 
parallel.  Full  details  shall  be  given  in  the  maintenance 
manual  as  to  the  method  used  in  the  equipment  to 
obtain  the  voltages  at  the  test  points. 


and  be  actuated  automatically  when  the  case  or  rack  is 
opened.  Wlien  resistive  bleeder  networks  arc  used  to  dis- 
charge capacitors,  the  bleeder  network  should  consist  of 
at  least  two  equal  valued  resistors  in  parallel. 


Appliances”  (Ref.  40).  This  standard  pre.scribes  a maxi- 
mum leakage  current  for  120V.  60-Hz  airpliances  of  0.5 
ma  for  2-wire  and  3-wire  cord-connected  portable 
appliances,  and  0.75  ma  for  3-wire  cord-connected 
appliances  that  are  not  portable. 
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6.8.3.S  WARNING  LABFLS 

Personnel  .>houKt  iu>i  be  depenilent  r>n  operjliny  or 
inainieiKinee  inaiuials  to  become  aware  of  poteniia! 
lia/arJs,  All  ci.nlacis,  lerminals,  anj  like  devices  liaviiij; 
poteniiais  in  excess  of  500  voli  nils  or  d.c.  slunild  be 
clearly  marked  willi  a label  like  the  rollowiiii;  il.at 
indicaies  ilie  vollajie: 

DANGER  HIGH  VOLTAGE 
VOLTS 


6.S.3.6  GROUNDING 

Equipment  should  be  designed  so  that  all  external  parts 
are  at  ground  potential.  Antenna  and  transmission  line 
terminals  sluuild  also  be  at  ground  potential,  except  for 
radio  frequency  energy  on  their  external  surfaces. 

A point  on  the  electrically  conductive  chassis  or  equip- 
ment frame  should  serve  as  the  common  tic  point  for  the 
static  ground  and  power  ground.  The  path  from  the 
equipment  tie  point  to  ground  should 

• Be  continuous  and  permanent. 


e.8.3.7  GROUNDING  TO  CHASSIS 

Ground  connection  to  an  electrically  conductive  chassis 
or  frame  should  be  mechanically  sccu'cd  by  soldering  to 
a spotwelded  terminal  lug  or  by  using  a terminal  on  the 
ground  wire  that  may  be  secured  with  a screw,  nut,  and 
lockwasher.  The  screw  should  fit  in  a tapped  hole  in 
the  chassis  or  frame  or  it  should  be  held  in  a througli- 
hole  by  a nut.  When  the  chassis  or  frame  is  made  of 


The  lettering  should  be  clearly  legible,  white  or  alumi- 
num on  a red  background.  The  label  should  be  as 
permanent  as  the  life  expectancy  of  the  equipment.  It 
should  be  permanently  placed  as  close  as  possible  to  the 
point  ol  danger.  This  can  be  on  a unit  or  terminal  block 
basis  and  is  not  intended  to  apply  to  individual  tic 
points. 


• Have  ample  current-carrying  capacity  to  conduct 
safely  any  operating  or  fault  currents  that  may  be 
imposed  upon  it. 

• Have  sufficiently  low  impedance  to  limit  the  poten- 
tial above  groun.l  and  to  faciliiate  the  operation  of 
the  over-curre  '.I  devices  in  the  circuit.  Inactive  wires 
in  long  conduits  or  cables  should  be  grounded  to 
allow  for  stray  or  static  electricity  discharge. 

• Have  sufficient  mechanical  strength  to  minimi<:c 
possibility  of  ground  disconnection. 


steel,  the  .netal  around  the  screw  hole  should  be  plated 
or  tinned  to  provide  a corrosion-resistant  connection.  If 
alloys  of  aluminum  or  aluminum  with  a corrosion - 
icsi  tant  surlace  finish  are  used,  the  metal  around  the 
screw  hole  does  not  require  masking  if  resistance  of  less 
than  0.002  ohm  is  measured  through  the  coating. 
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6.8.4  HEAT 

Limit  direi;t  contact  witli  hot  surfaces  as  follows  (Ref. 
41): 

• 4.^  to  4W'>(  (110  to  I20“t')  ,\i:cii.lontal  hare  skin 
contact  is  acccptahle.  hut  contact  should  not  he  a 
normal  part  of  display  operation. 


6.8.5  MECHANICAL  HAZARDS 

Guards  should  he  provided  on  all  moving  parts  of 
machinery  and  equipment,  such  as  pulleys,  helts,  gears, 
and  blades,  on  which  pers»nnel  may  ",  jcome  injured  or 
entangled.  Nominal  openings  in  a guard  should  not 
exceed  1.2  cm  (0.5  in)  (Ref.  41).  Guards  should  resist 
deformation  while  in  normal  use. 


• 49  to  60“C  (120  to  140^Fj  Provide  a guard  if  this 
surface  must  be  handled. 

• Above  60‘’C  ( 140"F) -Provide  a guard  to  prevent 
contac*.  with  surface. 


operation  automatically  without  remaining  under  the 
operator’s  direct  control  increase  the  hazard.  An  exam- 
ple of  such  a device  might  be  a ligltt  table  that  translates 
toward  the  operator  after  he  momentarily  depresses  a 
pushbutton,  and  stops  moving  only  when  it  contacts  a 
limit  switch. 
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Equipment  design  should  be  reviewed  to  ensure  that  the 
operator  cannot  inadvertently  pinch  or  catch  his  fingers 
in  some  mechanism.  Power-driven  mechanisms  in  which 
there  is  a chance  of  injury  and  which  cycle  through  an 


Exposed  edges  should  be  rounded  to  a minimum  radius 
of  1 mm  (0.04  in),  and  exposed  corners  to  13  mm  (0.5 
in)  (Ref.  41). 
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6.8.6  TOXIC  SUBSTANCES 
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Toxic  substances  will  seldom  be  encountered  in  displays. 
The  most  likely  exceptions  are  materials  used  for  cooling 
or  cleaning  the  display  or  liie  imagery. 

Personnel  should  not  be  exposed  to  toxic  substances  in 
excess  of  the  threshold  limit  values  in  accepted  stand- 
ards, such  as  those  published  by  the  American  Confer- 
ence of  Governmental  and  Industrial  Hygienists  (Ref. 
42).  In  many  cases,  limiis  imposed  by  the  Occupational 
Health  and  Safety  Administration  (OSHA)  will  also 
apply,  as  will  the  appropriate  military  standards. 


Eye  baths,  showers,  and  other  first  aid  equipment 
should  be  readily  available  in  areas  where  toxic  materials 
will  be  handled.  Provision  should  also  be  made  for 
neutralization  or  flushing  of  harmful  materials  spilled  on 
equipment  or  personnel. 


/I 
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6.8,7  CATHODE  RAY  TUBES 

Tho  h;iiKllitii:  ami  u^o  of  a catliodt.'  ray  tulio  (CRT)  niusi  high  voliafics  sucli  as  iliosc  used  in  color  inonilois  arc 

be  imdcrialen  ssitli  considerable  care,  as  it  is  construe-  involved.  If  there  is  any  cban[;e  of  radiation,  measure- 

ted  primarily  of  plass  cnclosinj;  an  evacuated  space.  ments  should  he  made  to  determine  if  there  is  u 

Impact  or  scratching  may  cause  tube  implosion  and  potential  hazard  from  prolonged  exposure  (see  discus- 

serious  harm  to  personnel.  When  not  installed  in  sion  of  radiation  limits  in  Section  6.8.2).  Ifthereis.it 

equipment.  CRT's  should  he  stoicd  in  shipping  cartons  must  be  corrected  with  shielding  or  by  modifying  the 

with  covers  closed  (see  Section  6.‘).8).  set. 

Under  certain  conditions,  a television  monitor  can  emit 
low-intensity  X-rays  This  occurs  most  frequently  when 


6.8.8  HIGH-ENERGY  LIGHT  SOURCES 

Certain  higli-encrpy  liglit  sources,  such  as  short-arc 
xenon  or  mercury  lamps,  involve  special  hazards.  Danger 
of  injury  from  radiant  energy  (Section  6.8.1)  or  di-ect 
contact  with  a hot  lamp  should  be  eliminated  by 
pioviding  aiiequatc  ventilation  and  a secure  enclosure 
with  an  electrical  interlock  so  that  the  lamp  cannot  be 
operated  unless  it  is  shielded  (rom  personnel. 

Because  of  the  high  pressures  generated  in  operation, 
adequate  enclosures  are  essential  for  protection  in  event 
of  explosive  lamp  failure.  General  Electric  recommends 


18-gauge  sheet  steel.  Extreme  caution  must  be  exercised 
in  handling  these  lamps.  Protective  cases  are  provided 
and  should  be  reimwed  only  after  installation  and  should 
be  replaced  before  removal.  Only  trained,  authorized 
pe-sonnel  should  have  access  to  these  lamps. 

Additional  hazards  may  result  from  contact  with  auxil- 
iary cooling  systems  or  coolants  and  toxic  gases  such  as 
mercury-krypton,  mercury-zinc,  and  hydrogen-cyanide 
(see  Section  6.8.6). 
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SECTION  6.9  MAINTAINABILITY 

NOTE:  Because  this  entire  section  consists  of  recommendations,  they  are  nox  listed  separately  here. 


Although  a well  designed  display  wil!  seldom  require 
maintenance,  occasional  failures  are  inevit  '.hle,  particu- 
larly when  light  sources  are  involved.  Theiefote,  it  is 
essential  to  design  a display  so  that  the  necessary 
maintenance  can  be  performed  rapidly  and  efficiently, 
by  a minimum  of  personnel,  using  a minimum  of  tools 
and  equipment.  Tlie  modern  term  for  this  characteristic 
is  maintainability. 

A brief  summary  of  the  techniques  and  features  that  will 
increase  the  maintainability  of  a display  appears  in  this 
section,  and  more  extensive  treatment  is  available 
<Ref.  1).  However  useful  such  lists  of  design  techniques 
are,  the  only  way  to  ensure  that  a display  will  be  easy  to 
maintain  is  for  the  designer  to  think  through  each 
possible  maintenance  operation  early  enougli  in  the 
design  phase  to  make  improvements  w'here  they  are 
required.  As  a part  of  this  process,  he  should  ask  the 
following  kinds  of  questions  about  each  possible  failure: 

• Will  the  maintenance  operation  involve  potential 
hazards  to  personnel  or  equipment? 

• Do  prominent  labels  provide  a warning  about  each 
hazard? 

• What  information  on  equipment  status  will  be  requir- 
ed to  diagnose  this  failure? 


6.9.1  MAINTENANCE  INFORMATION 

The  two  primary  sources  of  maintenance  information 
are  manuals  and  labels  on  the  equip.nent.  Manuals  are 
covered  in  Section  6.10.  The  following  labels  should  be 
provided;  where  code  numbers  are  mentioned,  they  must 
correspond  to  usage  within  the  maintenance  manual. 

• Warnings  of  safety  hazards 

• Warnings  of  maintenance  actions,  such  as  the  use  of  a 
certain  kind  of  solvent  for  cleaning,  that  could  cause 
equipment  damage 

• Warnings  of  unusual  components  that  would  not  be 
obvious,  such  as  a screw  with  a left-hand  thread 


• Is  this  information  conveniently  available  to  mainte- 
nance personnel? 

• How  will  maintenance  personnel  become  aware  of  the 
need  to  seek  this  information? 

• Is  there  adequate  access  to  test,  remove,  replace,  and 
adjust  components? 

• What  provision  has  been  made  for  lifting  or  moving 
each  componen  i 

• Have  fasteners  been  selected  for  maximum  mainte- 
nance efficiency? 

• Would  It  be  easier  to  place  a part  in  tite  rogp'’ 
location  if  guide  pins  were  added? 

® Are  any  of  maintenance  procedures  likely  to  be 
beyond  the  capability  of  typical  maintenance  person- 
nel using  easily  available  tools  and  equipment? 

• Has  every  effort  been  made  to  minimize  the  need  to 
depend  on  the  maintenance  manual? 


• Warning,  and  if  possible  a description,  of  any  required 
preventive  maintenance. 

• A code  number  at  each  test  point,  and  if  possible,  the 
name  and  correct  value  of  the  test  point  signal. 

• A code  number  on  each  socket  and  plug  (Section 
6.9.7). 

• A code  number  on  each  cable  and  pipe  if  the  display 
is  sufficiently  complex  that  these  miglit  help  in 
identification. 

• If  space  is  available  on  inside  panels,  circuit  diagrams 
and  other  important  maintenance  information. 
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6.9.2  TEST  POINTS 

Test  points  should  be  provided  to  facilitate  measurement 
of  information  required  for  calibration  and  trouble- 
sliooting.  At  a minimum,  test  points  must  be  labeled 
with  a code  number  keyed  to  the  maintenance  manual. 
The  name  and  correct  value  of  the  signal  at  the  test 
point  is  also  very  useful  and  should  be  included  where 
space  permits. 


6.9.3  DISASSEMBLY  AND  REASSEMBLY 

Maintenance  usually  requires  disassembly  and  reassem- 
bly of  at  least  part  of  the  display.  The  following 
practices  will  speed  this  activity; 

• Minimize  blocking  of  one  component  by  another. 
Wliere  space  constraints  require  some  components  to 
be  blocked,  provide  easy  access  to  those  most  likely 
to  fail. 

• Simplify  replacement  of  components  that  may  fail  by 
mounting  them  on  plug-in  modules. 

• For  special  components  that  cannot  be  plugged  in, 
make  the  replacement  procedure  as  obvious  and 
simple  as  possible.  For  example,  wiring  might  be 
precut  to  length  and,  if  several  wires  are  involved,  tied 
into  a bundle  with  the  end  of  each  wire  in  its  proper 
relative  position. 


Test  points  should  be  easily  accessible  so  that  test  leads 
inseited  in  them  do  not  block  essential  controls  or 
displays. 


• Ensure  that  no  component  can  be  installed  in  the 
wrong  position.  For  example,  if  several  similar 
printed-circuit-card  sockets  are  used,  notches  can  be 
cut  at  different  locations  in  each  type  of  card  and 
plastic  inserts  can  be  added  to  each  socket  to  prevent 
improper  insertion. 

• Label  each  removable  component  and  its  position  on 
the  display  with  corresponding  numbers. 

• Unless  absolutely  unavoidable,  require  only  standard 
hand  tools. 

• Provide  for  the  easy  replacement  of  components  that 
fad  frequently,  such  as  lamps  and  fuses. 
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6.9.4  ACCESS 

Access  into  the  display  is  required  for  visual  inspection, 
for  connecting  test  leads,  and  for  adjusting,  removing,  or 
replacing  components.  The  openings  needed  to  achieve 
manual  access  of  varying  degrees  are  summarized  in 
Figures  6.9-1  through  6.94,  and  whole  body  clearances 
and  optimum  work  areas  for  various  work  positions  are 
summarized  in  Figures  6.9-5  and  -6.  The  values  in  these 
six  figures  are  intended  to  accommodate  90  to  95 
percent  of  male  maintenance  personnel.  Tliese  figures 
include  only  a small  part  of  the  data  of  this  type  that  are 
available  (Ref.  2 and  Section  6.1.1). 

Blocking  of  access  to  one  component  by  another 
compoiient  should  be  avoided.  If  this  is  nut  possible. 
Then  the  relative  accessibility  of  different  areas,  from 
most  accessible  to  least,  should  be  as  follows: 

• Preventive  maintenance  points,  such  as  oil  holes 


• Test  points  used  for  adjustment  or  troubleshooting 

• Components  that  require  the  most  frequent 
maintenance 

• Components  that  should  seldom  require  maintenance 

If  access  covers  are  hinged,  they  should  be  stable  in  the 
open  position  so  that  maintenance  personnel  need  not 
waste  time  holding  them  open. 

Clearance  around  subassemblies  should  be  adequate  for 
easy  removal  (see  Section  6.9-5).  For  large  or  heavy 
subassemblies,  it  is  preferable  that  the  case  be  designed 
to  be  removed  from  around  the  subassembly,  rather  than 
the  subassembly  from  the  case. 


DISTANCE 

POSITION 

CENTIMETERS 

INCHES 

A 

B 

C 

D 

A 

B 

C 

D 

STANDING,  FORWARD 
REACH,  BOTH  ARMS 

48 

50 

176 

132 

19 

20 

69 

52 

STANDING,  FORWARD 
REACH,  PREFERRED  ARM 

51 

31 

176 

132 

20 

12 

69 

52 

STANDING,  LATERAL 
REACH,  PREFERRED  ARM 

55 

26 

176 

132 

22 

10 

69 

52 

SEATED  ON  CHAIR, 
FORWARD  REACH, 
BOTH  ARMS 

38 

47 

119 

86 

16 

19 

47 

34 

SEATED  CROSSLEGGED 
ON  FLOOR,  FORWARD 
REACH,  BOTH  ARMS 

34 

46 

72 

43 

13 

18 

28 

17 

A = DEPTH  OF  REACH  FOR  SHORT-ARMED  PERSON 
B“  WIDTH  OF  APERTURE  TO  CLEAR  ARMS  OF  LARGE  PERSON 

C “ HEIGHT  OF  APERTURE  TOP  TO  ALLOW  VISUAL  ACCESS 
FOR  TALL  PERSON 

D « HEIGHT  OF  APERTURE  BOTTOM  TO  CLEAR  ARM  OF  SHORT  PERSON 


Figure  6.9-1.  Access  Panel  Dimensions  (Ref.,  3,  X) 
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ACCESS 


BOTH  HANDS  TO  DEPTH  OF 
150  TO  490  mm  (6  to  19  ini 


CLEARANCE  REQUIRED 


WIDTH  - DEPTH  OF  REACH 
(minimum  of  200  mm  (8  ini) 
HEIGHT  - 125  mm  (5  ini 


BOTH  HANDS,  FULL  ARM'S  LENGTH 
I o thouldersi 


WIDTH  - 500  mm  (19.5  ini 
HEIGHT  - 125  mm  (5  ini 


INSERTING  BOX  HELD  BY  HANDLES 


WIDTH  = BOX  + 25  mm  (1  ini 
HEIGHT  ■=  BOX  + 25  mm  (1  ini 


INSERTING  BOX  WITH  HANDS  ON  SIDES 


i 


w 


WIDTH  = BOX  + 1 15  mm  (4.5  in) 
HEIGHT  = BOX  + 25  mm  (1  in) 
{minimum  of  125  mm  (5  in)) 


1 
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6.9.4  ACCESS  (CONTINUED) 


ROLLED  HAND 


FLAT  HAND 


CLENCHED  HAND 


HAND  PLUS  25  mm  (1  in) 
DIAMETER  OBJECT 


HAND  PLUS  OBJECT  OVER 
25mm(1  in)  DIAMETER 


DIAMETER  = 95  mm 
(3.75  in) 


HEIGHT  • 55  mm  (2.25  in) 
WIDTH  - 100  mm  (4  in) 


HEIGHT  >=95  mm  (3.75  in) 
WIDTH  - 125  mm  (5  in) 


DIAMETER  ■>  95  mm  (3.75  in) 


HEIGHT  AND  WIDTH  = 
OBJECT  PLUS  90  mm  (3.5  in) 


ARM  TO  ELBOW 


HEIGHT  » 100  mm  (4  in) 
WIDTH  - 115  mm  (4.5  in) 
(or,  115  mm  diameter) 


ARM  TO  SHOULDER 


DIAMETER  =•  125  mm  (5  in) 


Figure  6.9-3.  Opening  Required  for  One-Hand  Access  (Ref.  4,X) 
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6.9.4  ACCESS  (CONTINUED) 


SQUATTING 


STOOPING 


MINIMUM 

CLEARANCE 

cm 

in 

A 

122 

48 

B 

69 

27 

C 

91 

36 

Ll 

107 

42 

E 

142 

56 

F 

79 

31 

G 

150 

59 

H 

49 

17 

1 

244 

96 

KNEELING 


POSITION 


SQUAT 

STOOP 

KNEEL 


HEIGHT  OF 
VISUAL 
tVORK  AREA 

HEIGHT  OF 
MANUAL 
WORK  AREA 

cm 

in 

cm 

in 

68-110 

81-120 

27-43 

32-48 

48-86 

61-100 

19-34 

24-39 

71-112 

28-44 

51-90 

20-35 

CRAWLING 


Figure  6.9-6.  Clearances  and  Optimum  Work  Heights  for  Typical  Work  Positions  (Ref.  5,X) 
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6.9.5  HANDLING  OF  EQUIPMENT 

Etjuipment  intended  for  carrying  should  be  provided 
with  handles  or  other  suitable  means  for  grasping. 
Mninwm  internal  dimensions  for  a handle  are  5 cm  (2 
in)  deep  by  1 1 cm  (4.5  in)  wide. 

Equipment  units  up  to  20  kg  (45  lb)  are  suitable  for 
handling  by  one  man.  From  20  to  40  kg  (45  to  90  lb), 
provision  should  be  made  for  handling  by  two  men. 
Beyond  40  kg  (90  lb),  provision  should  be  made  for 
mechanical  lift.  Units  over  20  kg  (45  lb)  should  be 


6.9.8  FASTENERS 

Fasteners  used  to  hold  access  covers,  panels,  or  com- 
ponents in  place  should  be  selected  according  to  the 

following  goals: 

• To  reduce  maintenance  time,  use  the  minimum 
number  of  fasteners  and  the  minimum  number  of 
turns  per  fastener  commensurate  with  strength 
requirements. 

• To  reduce  maintenance  time,  use  finger-operated 
fasteners  in  locations  where  the  fas'.-:;ir  must  be 
removed  frequently  and  where  there  is  both  sufficient 
space  and  no  need  for  high  torque. 

• Use  captive  fasteners  wherever  a dropped  fastener 
might  be  difficult  or  dangerous  to  letrieve  or  where  it 
miglit  cause  equipment  damage. 

• To  reduce  tool  requirements,  use  a minirnum  number 
of  fastener  head  styles. 


labeled  to  show  weiglit  -nd  over  40  kg  (90  lb)  to  show 
lift  points.  If  the  ceiitti  oi  gravity  is  not  obvious  from 
the  external  appearance  of  the  unit,  it  should  be  clearly 
marked. 

If  an  equipment  unit  i.',  'arger  than  75  cm  (30  in)  in  two 
or  more  dimensions,  it  is  loo  bulky  for  handling  by  one 
man,  even  thougli  it  may  weigh  less  than  20  kg  (45  lb), 
and  provision  should  be  made  for  carrying  by  two  men. 


• To  pr.vent  fastener  head  damage  in  high  torque 
applications,  use  alien  or  hex  head  styles.  A slotted 
screwdriver  style  is  acceptable  for  moderate  torques, 
but  should  be  combined  with  a hex  or  alien  head  for 
high  torque  applications.  Phillips  head  screws  are 
easily  damaged  and  should  be  avoided,  except  per- 
haps for  low  torque  applications  where  there  is  no 
chance  the  screw  will  free’e  in  place  over  time 

• To  reduce  maintenance  time,  and  fastener  resupply 
problems,  use  a minimum  I'umbci  of  fastener  types. 
In  particular,  do  not  use  fastener:  that  are  so  sirr.ilar 
in  appearar  e that  an  attempt  might  be  made  to 
insert  one  in  th  wrong  location.  For  example,  small 
differences  in  screw  length  or  diameter,  and  different 
thread  spacings  on  similarly  sized  screws,  should  be 
avoided. 


I 
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6.9.7  CONNECTORS 

Connectors  are  essential  to  the  assembly  and  disassembly 
of  equipment,  both  during  the  construction  and  chcck- 
oui  phase  and  later  during  maintenance.  Unfortunately, 
connectors  are  less  than  totally  reliable,  and  must  are 
susceptible  to  damage.  Hence,  connectors  should  be  used 
only  where  needed. 

Connectors  should  be  selected  and  mounted  to  facilitate 
rapid  removal  and  replaccment-withuut  any  need  for 
excessive  force-in  the  correct  location  and  with  no 
damage  to  the  connector,  the  display,  or  personnel.  The 
following  practices  will  help  achieve  these  goals: 

• Wliere  a lucking  mechanism  is  necessary  to  ensure 
positive  seating  of  the  plug  in  the  socket  and  to 
ensure  that  the  plug  does  not  come  loose,  select  an 
easily  operated  style.  For  example,  a lucking  ring 
should  not  require  more  than  part  of  a turn. 

• To  indicate  where  each  plug  belongs,  place  a code 
number  on  it  and  on  the  corresponding  socket.  For 
example,  plug  P73  would  mate  w<th  socket  S73. 

• Where  several  connectors  arc  in  use,  obviously  differ- 
ent styles  will  avoid  placement  of  plugs  in  the  wrong 


6.9.8  CIRCUIT  PROTECTIVE  DEVICES 

Circuit  breakers  are  preferable  to  fuses  as  a means  of 
protecting  electrical  circuits  because  they  eliminate  the 
need  to  find  a replacem  ;nt  fuse  and  they  reduce  the 
chance  of  equipment  damage  from  use  of  too  heavy  a 
fuse. 

A circuit  breaker  must  provide  positive  indication  that  it 
has  tripped.  Indication  that  a fuse  has  blown  is  also 
desirable  but  less  easily  achieved.  The  loss  of  the 


socket.  If  there  is  a need  for  similar  connectors,  usf 
keying  pins  to  prevent  incorrect  positioning,  am 
improve  the  labeling  or  even  add  a color  code  ti 
make  correct  plug  location  more  obvious. 

• Use  guide  pins  to  aid  piug  insertion  if  there  is  an; 
chance  that  misalignment  will  lead  to  pin  damage. 

• Multi-pin  plugs  must  be  rotated  to  the  prope 
orientation  before  being  inserted.  Plugs  and  socket 
that  provide  a visual  indication  of  orientation  ar 
preferred.  To  reduce  confusion,  mount  all  sockets  ii 
the  same  orientation.  It  is  usually  preferred  to  plac 
the  index  :nark  toward  the'top,  or  away  from  th 
operator. 

• Provide  sufficient  space  around  each  connector  ft 
hand  access.  A nominal  minimum  value  is  a clearanc 
of  2.5  cm  (1  in).  For  specific  applications,  refer  t 
the  figures  in  Section  6.9.S  or  conduct  an  evaluatio 
on  a mockup. 

• To  reduce  potential  hazards  to  personnel  and  equl 
ment  install  connectors  so  that  separated,  all-elect 
cal  potentials  are  on  female,  rather  than  male,  pins. 


pov/er-on  indicator  lamp  may  provide  a sufficient  hi’ 
that  a fuse  may  be  blown. 

Circuit  breakers  and  fuse  holders  should  be  readi 
accessible  for  resetting  or  fuse  replacement. 

The  correct  fuse  rating  should  be  included  on  a lab 
next  to  each  fuse  holder.  Holders  for  spare  fuses  are  al: 
desirable. 
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6.9.9  HAZARDS 

Sal'cly  h;>/ards  are  discussal  in  Seclioii  6.8.  Although 
these  correctly  apply  both  to  operation  and  maintenance 
of  the  display,  it  is  inevitable  that  maintenance  person- 
nel will  on  iKcasion  be  more  directly  exposed  to  certain 
hazards.  For  e.xample.  it  may  be  impossible  to  design  the 
display  so  that  personnel  performing  troubleshooting 
will  be  always  unable  to  make  physical  contact  with  a 
hazardous  electrical  potential.  However,  exposure  to 
such  hazards  should  be  kept  to  an  absolute  minimum. 
Increasing  the  number  of  test  points,  for  example,  will 
reduce  the  need  to  probe  directly  within  a circuit. 
Extremely  dangerous  circuits  should  be  mounted  in  their 
own  enclosure.  An  interlock  to  remove  power  from  a 
particularly  dangerous  circuit  when  it  is  uncovered  is 
very  important.  However,  the  interlock  will  inevitably  be 
bypassed  if  that  is  the  only  way  maintenance  personnel 
can  obtain  the  information  necessary  to  determine  if  the 
circuit  is  operating  properly.  Hence,  it  is  essential  to 
provide  safe  access  to  this  information. 

Because  mishandling  can  result  in  implosion,  cathode  ray 
tubes  (CRT's)  are  particularly  dangerous.  During  installa- 


6.9.10 CALIBRATION  AND  ADJUSTMENT 

In  order  for  maintenance  personnel  to  adjust  and 
calibrate  display  equipment,  they  must  be  provided 
with: 

• Information  on  the  procedures  to  use  (Section  8.0). 

• Access  to  information  on  equipment  adjustment 


6.9.11  PREVENTIVE  MAINTENANCE 

Preventive  maintenance  includes  lubrication  and  adjust- 
ments required  to  increase  the  useful  life  of  the  display. 
Because  preventive  maintenance  will  not  necessarily  be 
performed  properly  or  on  schedule,  the  designer  should 
depend  on  it  only  where  no  other  approach  is  feasible. 

If  preventive  maintenance  is  required,  the  display  user 
must  be  made  aware  of  this  fact  by  prominent  labels  on 
the  equipment.  At  a minimum,  each  label  should 
indicate  when  maintenance  is  required  and  where  the 


tion  or  removal,  the  wciglit  of  the  tube  should  be 
supported  at  the  heavy  faceplate,  with  the  neck  held 
only  for  guiding  the  base  pins  into  and  out  of  the  socket. 
Work  tables  or  benches  used  for  CRT  servicing  should  be 
provided  with  siderails,  boards,  or  guards  to  prevent 
CRT's  from  rolling  off,  striking  other  objects,  or  being 
inadvertently  damaged  by  falling  equipment,  materials, 
or  tools.  Wlienever  the  tubes  must  be  placed  in  direct 
contact  with  the  work  surfaces,  felt  or  otlier  soft 
material  (either  fitted  or  permanently  attached  to  the 
work  surface),  should  be  provided  to  reduce  the  possibil- 
ity of  scratching  the  glass  surface  of  the  tube.  Scratches 
weaken  the  glass  and  increase  the  chance  of  implosion. 

Removal  of  one  or  several  subassemblies  from  the 
display,  or  sliding  them  out  if  they  are  supported  like 
drawers,  should  not  unbalance  the  display  to  the  point 
where  it  might  tip  over. 


status.  This  might  be  the  signal  on  a servo  motor,  or 
the  height  of  a guide  rail. 

• The  equipment  necessary  to  perform  the  adjustment. 
This  should  be  limited  to  standard  tools  and  measur- 
ing devices. 


maintenance  procedure  is  described.  Ideally,  each  will 
also  describe  the  tools  and  materials  required,  such  as 
type  of  lubricant,  and  the  procedure.  If  extremely 
critical  maintenance  must  be  performed  on  an  exact 
schedule,  the  label  should  include  space  for  the  person 
performing  the  maintenance  to  record  the  date. 

Preventive  maintenance  must  be  described  in  the  main- 
tenance manual  (Section  8.0)  provided  with  the  equip- 
ment, as  well  as  on  a label. 
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SECTION  6.10  MANUALS 


NOTE:  Because  this  entire  section  consists  of  recommendations,  they  are  not  listed  separately  her 


Manuals  provide  personnel  with  the  information  neces- 
sary to  operate  and  maintain  equipment.  The  must 
important  requirement  imposed  on  a manual  is  that  it 
impart  the  required  information  in  a reliable  and 
efficient  manner. 

Manuals  must  be  accurate  and  must  reflect  th?  latest 
modifications  to  equipment.  Users  will  lose  trust  in  any 
manual  in  which  they  find  errors. 

When  a manual  is  being  prepared,  the  equipment 
designer  is  often  the  only  individual  with  enough 
familiarity  with  the  equipment  to  correctly  describe  how 
it  should  be  operated.  However,  because  of  this  familiar- 


6.10.1 CONTENT 

To  the  extent  possible,  each  manual  diould  be  complete 
within  itself,  thereby  eliminating  the  need  to  refer  to 
more  than  one  document  in  order  to  perform  a 
particular  task.  A limited  amount  of  redundancy 
between  manuals  is  an  acceptable  penalty  for  achieving 
this  goal. 


ai0.1.1  ALL  MANUALS 

All  equipment  manuals  should  include  the  following 

material: 

• Table  of  contents 

• Lists  of  figures  and  tables 

• Cross  references  to  other  manuals  covering  the  same 
equipment 

• A very  brief  general  description  of  the  equipment  and 
its  purpose,  with  a picture  or  drawing  included  as  an 
aid  in  quickly  identifying  the  equipment 


aiO.1.2  OPERATING  MANUALS 

Specific  items  that  should  appear  in  an  operating 
manual,  in  addition  to  the  items  in  Section  6.10.1.1 
above,  include  the  following: 

• Detailed,  step-by-step  operating  procedures;  a sum- 
mary should  appear  at  the  beginning  of  any  lengthy 
procedure  so  that  the  partially  trained  operator  need 
not  lose  time  reading  the  entire  procedure  again 


ity,  he  also  has  difficulty  appreciating  the  pr 
facing  the  individual  who  must  use  the  manual.  Fi 
user  lacks  the  designer’s  technical  background  i 
experience  with  the  equipment.  Second,  if  it 
operating  manual,  the  user's  interest  in  the  equip 
not  likely  to  extend  beyond  its  usefulness  as  a 
help  him  in  carrying  out  his  work.  As  a result, 
have  a low  tolerance  for  lengthy  descriptions 
equipment  that  make  no  obvious  contribution 
actually  using  it. 

Must  of  the  material  in  this  section  is  derive 
Reference  1. 


When  a particular  operation  or  sequence  of  op 
must  be  performed  in  exactly  the  manner  d< 
tliese  should  be  preceded  by  a warning  note  sta 
fact.  The  manual  user  will  be  much  more  likely 
this  warning  if  he  is  also  told  why  it  is  necessary. 


• A summary  list  of  equipment  specifications, 
size,  light  level,  magnification  range,  and 
requirements 

• A nontechnical  description  of  the  equipment 
functions,  and  how  it  is  operated 

• A summary  of  the  operating  procedure,  pref 
tabular  form,  at  a level  appropriate  for  revie 
already  trained  operator 

• An  index 


• A list  of  unscheduled  events  and  a descri; 
what  to  do  when  they  occur 

• A description  of  any  potentially  hazardous  si 
each  prominently  identified  with  a “WARN 
“CAUTION”  label 

• A description  of  any  operator  maintenance  I 
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6.10.1.3  MAINTENANCE  MANUALS 

There  urc  two  common  approaches  to  maintenance.  One 
is  to  simply  follow  a prepared  procedure,  step  by  step, 
until  the  failed  component  is  determined  and  repaired. 
Hie  second  requires  the  technician  to  use  his  knowledge 
of  how  the  equipment  functions  to  decide  what  action 
to  take  in  response  to  a particulamet  of  sympioms.  Tlie 
first  approach  requires  less  technician  training  and  can 
be  faster  if  the  procedures  are  well  prepared.  However, 
since  it  is  impossible  to  predict  every  possible  failure 
mode,  the  maintenance  manual  must,  at  a minimum, 
include  complete  information  on  how  the  equipment 
functions.  In  order  to  reduce  maintenance  time,  step- 
by-step  procedures,  or  at  least  a troubleshooting  guide, 
should  also  be  included  for  the  most  likely  failure 
modes. 

Specific  items  that  should  appear  in  the  maintenance 
manual,  in  addition  to  the  items  in  Section  6.10.1. 1 
above,  are: 


ai0.2  FORMAT  AND  STYLE 


The  first  requirement  imposed  on  manual  format  and 
style  is  to  communicate  effectively  with  the  user.  The 
second,  which  contributes  indirectly  to  communication, 
is  consistency  with  the  manuals  for  other  items  of 
equipment  used  by  the  same  organization.  For  equip- 
ment procured  by  a number  of  organizations  with 
different  style  standards,  revision  of  the  manual  to 
match  the  style  in  use  by  each  organization  may  not  be 
worth  the  cost. 


An  operator  or  maintenance  technician  will  rely  on  a 
manual  only  to  the  extent  that  it  is  helpful  in  accom- 
I plishing  his  task.  As  soon  as  he  understands  the  task 
1 sufficiently  that  the  manual  is  not  contributing,  it  will 
Ibe  discarded.  Therefore,  the  format  of  the  manual 
Ishould  be  designed  to  provide  quick  access  to  needed 
information.  Tabular  or  outline  format  is  usually  better 
for  this  purpose  than  a paragraph  by  paragraph  narrative. 

One  of  the  most  important  features  of  a manual  is  the 
ease  with  which  the  user  can  locate  information  on  a 
specific  topic.  Texts  on  how  to  study  emphasize  the 
nied  to  read  technical  material  several  times  in  order  to 
uilderstand  it.  However,  most  manual  users,  particularly 
us^rs  of  operating  manuals,  will  read  the  entire  manual 
no'imore  than  once,  if  that  often.  For  any  manual  more 
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• A detailed  description  of  the  equipment,  including 
drawings  and  photos  that  identify  the  equipment 
components 

• Circuit  diagrams  that  identify  the  individual  circuit 
elements 

• A detailed  description  of  how  the  equipment 
functions 

• Normal  test  point  values,  such  as  voltage,  current, 
resistance  or  signal  waveform,  with  at  least  some 
indication  of  tolerance  or  allowable  variation  around 
these  values 

• A troubleshooting  guide  containing  a list  of  symp- 
toms. with  each  symptom  followed  by  probable 
causes  and  corrective  action 

• Step-by-step  test  procedures  in  sufficient  detail  to 
determine  what  component  must  be  repaired  or 
replaced 

• Repair/replacement  procedures 

• A parts  list  with  sufficient  detail  to  allow  the  new 
part  to  be  procured 


than  a few  pages  long,  the  user  is  therefore  heavily 
dependent  on  manual  section  titles,  the  table  of  con- 
tents, and  the  index  in  order  to  find  the  information  he 
needs. 

Attempts  have  been  made  to  use  audiovisual  devices  to 
improve  the  presentation  of  the  information  normally 
found  in  a maintenance  manual.  The  results  indicate  that 
the  mode  of  presenting  this  information  is  much  less 
important  than  the  content,  organization,  and  accessibil- 
ity (Ref  2,X). 

Text  material  that  must  be  used  with  a particular  figure 
should  be  visible  to  the  user  at  the  same  time  as  the 
figure,  if  not  too  long,  this  text  can  be  o.n  the  same  or 
the  facing  page.  Otherwise,  the  figure  should  be  printed 
on  oversize  paper  so  that  when  unfolded  it  lies  outside 
the  manual,  where  it  can  be  viewed  while  reading  the 
text.  The  portion  of  the  figure  page  that  remains  inside 
the  manual  should  be  blank. 

Space  can  contribute  to  making  the  manual  easier  to  use. 
For  example,  in  tables  containing  long  columns,  a space 
between  every  five  is  helpful.  For  columns  in  a table  that 
are  not  separated  by  a vertical  line,  a separation  of  at 
least  4 mm  (0.17  in)  is  recommended.  Text  material  that 
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610.2  FORMAT  AND  STYLE  (CONTINUED) 

must  be  used  with  a particular  figure  should  be 
positioned  so  that  both  are  visible  without  turning  pages, 
even  if  lI  S means  leaving  i large  amount  of  blank  space 
in  the  manual. 

The  complexity  of  the  writing  sitould  be  on  a par  with 
the  background  and  the  interest  of  the  manual  user.  Use 
short  sentences  and  short  words.  Where  technical  terms 
are  necessary,  choose  ones  that  are  siiortest  and  best 
known  by  the  user  populations.  These  are  not  necessar- 
ily the  terms  used  by  the  designer. 

Consistency  in  terminology  is  essentia'.  The  same  term 
should  always  be  used  to  refer  to  a particular  equipment 
item  or  function.  Where  a term  must  be  used  that  may 
not  be  well  known,  or  where  several  terms  in  addition  to 
the  one  used  in  the  manual  are  common,  this  should  be 
explained  in  a footnote,  or,  preferably,  in  a glossary. 
Terms  and  symbols  in  the  manual  should  also  match 
those  used  in  equipment  labels. 

The  binding  method  for  manuals  should  permit  fully 
opened  manuals  to  lie  flat  a>.d  should  facilitate  revisions. 

Use  photographs  and  drawings  to  illustrate  equipment 
features  and  operating  and  maintenance  procedures.  To 
emphasize  certain  features,  add  annotations  and  print 
less  important  features  with  less  resolution  or  contrast. 

To  show  the  relationship  between  two  or  three  variables, 
use  a graph.  To  provide  the  user  with  discrete  values,  use 
a table. 

610.3  TYPICAL  MANUAL  DEFICIENCIES 

The  difficulties  reported  by  technicians  using  U.S.  Air 
Force  maintenance  manuals  provide  an  indicatiorr  of  the 
most  likely  potential  problems  to  watch  for  when 
preparing  a new  manual  (Ref.  3). 

• Manuals  were  out  of  date  because  of  modifications  to 
the  equipment,  or  because  the  manual  incorporated 
modifications  that  had  not  yet  been  made. 

• The  manuals  contained  errors. 

• Critical  information  was  ambiguous,  difficult  to  find, 
or  missing. 

® The  normal  condition,  such  as  a voltage  on  a test 
point,  was  given  without  any  indication  of  the 
allowable  variation;  as  a result,  the  user  could  not 
decide  when  a small  deviation  was  significant. 


NumL  r pages,  figures,  and  tables  in  a consistent 
manner.  Preferred  location  for  page  numbers  is  the  lower 
outside  corner  or  lower  center. 

Present  all  quantitative  information  in  immediately 
usable  units,  thereby  eliminating  the  need  for  mathe- 
matical conversions.  In  most  cases,  use  metric  units 
followed  by  English  units  in  parentheses.  Always  indi- 
cate the  units. 

Avoid  acronyms  and  abbreviations  wherever  possible.  If 
they  must  be  used  in  order  to  keep  the  length  of  the 
manual  within  reason,  define  them  when  they  are  first 
int'  <duced  and  in  a list  at  the  beginning  of  the  manual. 

To  the  extent  possible,  show  components  in  data  flow 
diagrams  and  test  setups  in  tlieir  true  relative  positions. 

Standard  216-  by  279-mm  fS.S-  by  11-in)  format  is 
preferred,  with  the  following  exceptions; 

• Pocket-size  summary  manuals 

• Duplicate,  oversize  copies  of  frequently  used  charts 
intended  for  wall  mounting 

• Foldout  charts 

Manuals  should  be  printed  on  material  that  will  tolerate 
anticipated  abuse.  For  example,  figures  that  will  be  used 
frequently  at  a workbench,  such  as  circuit  diagrams 
required  for  repairing  equipment,  should  be  printed  on 
sturdy,  crease-resistant  stock. 


• Troubleshooting  lists  were  too  incomplete  to  be 
worth  using. 

• Figures,  particularly  circuit  diagrams,  contained  so 
many  small  details  that  they  were  difficult  to  use; 
tracing  a single  conductor  across  a circuit  diagram  was 
a particular  problem. 

• Frequently  used  diagrams  were  soon  damaged. 

• Locating  needed  information  was  time  consuming;  on 
an  average  30  percent  of  total  job  time  was  spent 
looking  for  information  (Ref  4). 

• Terms  in  the  manuals  were  unfamiliar  and  were  not 
clearly  defined. 

• Illustrations  were  often  several  pages  from  associated 
text  material. 
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610.3  TYPICAL  MANUAL  nEFICIENCIES  (CONTINUED) 

• Several  manuals  were  required  to  do  a single  job; 
cross-referencing  between  manuals  wasted  time. 

• PriK-edural  guides  were  too  complicated, 

• Procedures  called  for  were  not  realistic  and  had 
obviously  been  prepared  by  personnel  who  were  not 
familiar  with  maintenance  procedures. 


610.4  MANUAL  DEVELOPMENT 

The  following  procedure  is  suggested  for  development  of 

manuals. 

• Prepare  a complete  list  of  tasks  to  be  performed  by 
the  individual  on  the  job  fur  which  the  manual  is 
being  prepared. 

• Prepare  a step-by-step  procedure  for  each  of  the  tasks 
listed. 


• The  manual  was  too  heavy  and  bulky  to  use 
effectively  in  the  available  workspace. 


• Examine  each  step  of  each  task,  and  the  task  as  a 
whole,  to  determine  what  information  should  be 
provided  to  the  manual  user  prior  to  and  during  the 
performance  of  each  task. 

• Prepare  a draft  of  the  manual. 

• Conduct  a small-scale  tryout  of  the  manual  with 
individuals  comparable  to  the  user  population. 

• Revise  the  manual  as  necessary. 
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4.  This  value,  30  percent,  is  based  on  results  with  fairly  conplex  electronic  systems.  Most  displays  are  much  simp 
and  the  time  loss  should  be  considerably  less. 
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SECTION  7.0  FACILITIES 


Many  characteristics  of  the  work  facUity,  though  not 
under  the  direct  control  of  the  display  designer,  can  have 
a considerable  impact  on  how  effectively  the  display  will 
be  operated.  A fe'-'  of  tiie  more  important  ones  are 
summarized  briefly  it  ims  section.  A mote  complete 
treatment  can  be  found  in  the  references  cited  and  in 
standard  architectural  interior  design  sources. 


The  treatment  of  furniture  here  is  limited  to  the  display 
operator’s  chair.  Other  aspects  of  furniture  design,  such 
as  work  surface  heights,  appear  in  Section  6.1. 

Excessive  ambient  noise  can  severely  interfere  with 
display  use.  In  general,  the  same  considerations  discussed 
in  Section  6.6  for  a single  display  also  apply  to  the 
ambient  environment. 
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SECTION  7.1  INTERPRETATION  FACILITY  LAYOUT 


This  section  summarizes  some  of  the  principles  involved 
in  increasing  the  utilization  and  efficiency  of  the 
imagery  interpretation  facility.  These  involve  proper 
positioning  of  workstations  and  individual  items  of 
equipment  within  the  workstation  as  well  as  proper 


7.1.1  GENERAL  PRINCIPLES 

A number  of  formal  techniques  are  available  to  aid  in 
organizing  an  imagery  interpretation  workstation  and  to 
help  integrate  it  into  an  entire  imagery  interpretation 
system  (Ref.  I,X).  Most  of  these  involve  diagramming 
some  aspect  of  system,  such  as  the  flow  of  work 
materials  or  information  the  movement  of  personnel,  or 
even  the  shifts  in  the  interpreter’s  visual  attention  as  he 
carries  out  his  task. 

Fcr  individual  interpreter  workstations,  these  types  of 
techniques  generally  involve  developing  a work  flow  that 
shows  the  frequency  and  sequence  of  use  for  the  several 
Items  of  equipment  and  for  the  individual  controls  and 
displays  on  each  item.  This  information  is  then  used  to 
position  the  most  frequently  used  Items  In  the  most 
acc.-ssible  locations.  If  certain  items  of  equipment  are 
often  used  in  sequence,  then  these  can  be  positioned  so 
that  a minimum  amount  of  time  is  lost  in  moving  from 
one  to  the  other. 

A comparable  technique  can  be  applied  to  a facility,  or 
part  of  a facility,  containing  several  interpreters  and 
support  personnel;  it  involves  the  following  steps: 

* Identify  the  materials  and  information  that  must 
move  through  the  system. 

* Determine  the  frequency  of  occurrence  for  each,  and 
the  amount  of  time  each  must  spend  at  a particular 
workstation. 

* Draw  the  flow  path  th:se  materials  and  information 
must  follow  in  moving  through  the  system. 


organization  of  the  work  flow  througli  the  facilit 
Finally,  they  include  providing  adequate  space  so  th 
the  interpreter  ( 1 ) has  access  to  each  item  of  equipme 
he  must  use  and  (2)  can  move  freely  from  his  individii 
workstation  to  obtain  work  materials  and  information. 


• Use  these  flow  diagrams  as  an  aid  in  reducing  p: 
lengths,  and  to  identify  points  that  may  becoi 
overloaded  and  thereby  limit  the  output  of  the  ent 
system.  Changes  required  may  include  relocati 
workstations  to  reduce  time  lost  in  moving  mate: 
between  them,  rerouting  the  work  through  < 
existing  workstations,  increasing  the  number  or 
capacity  of  overloaded  workstations,  and  chang 
the  function  of  under-utilized  workstations. 

Applying  this  sort  of  technique  to  an  individual  inter 

ter’s  workstation  might  involve  the  following  steps; 

• Identify  the  material  and  information  required 
perform  each  work  task.  This  includes  an  estimat 
the  frequency  and  sequence  in  which  each  is  requ 

• If  these  are  not  to  be  delivered  to  the  interpr 
determine  where  he  must  go  to  obtain  them,  and  I 
long  each  trip  will  require. 

• Diagram  the  patii  followed  by  the  interpreter  du 
some  work  interval. 

• Relocate  the  interpreter  or  the  materials  he  requ 
or  redesign  the  work  task,  in  order  to  reduce  the  , 
path  length  (expressed  as  time,  rather  than  11 
extent). 
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7.1.2  INDIVIDUAL  WORKSTATIONS 


Tlie  workspace  requirements  shown  in  Figure  7.I-I  are 
the  best  available  general  recommendations.  Tlie  require- 
ment for  a specific  situation  will  vary  with  the  frequency 


7.1.3  PASSAGES 

Minimum  passage  dimensions  depend  on  the  frequency 
with  which  they  are  used  and  on  whether  the  user  will 
be  carrying  or  moving  bulky  equipment.  A door,  for 
example,  must  be  sized  to  clear  the  maximum  size 
equipment  anticipated,  regardless  of  how  many  individ- 
uals will  be  using  it. 

Adequate  layout  of  passages  is  nearly  as  important  as 
their  size.  Detailed  knowledge  of  work  requirements  and 


of  operator  movement  from  one  portion  of  the  work 
space  to  another,  and  with  the  seating  provided. 


Figure  7.1-1.  Working  Space  and  Cleararsce  at  Display 
Workstation  (Ref.  2,X).  This  figure  shows  the  amount  of 
dear  space  required  to  allow  the  display  user  to  move 
freely  from  one  item  of  equipment  to  another.  An  actual 
workstation  would  be  likely  to  contain  additional  items, 
such  as  a map  holder  and  a microfiche  viewer  for  collat- 
eral, or  reference,  material. 


organization  is  essential  to  ensure  that  the  layout  will 
result  in  the  most  efficient  personnel  movement 
patterns.  See  Section  7.1-1. 

Display  users  generally  spend  much  more  time  working 
at  their  display  than  in  walking  from  one  area  to 
another.  Therefore,  unless  a passage  is  used  quite 
frequently,  it  is  better  to  reduce  passage  space  to  a 
minimum  in  order  to  provide  adequate  workspace. 
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7.1.3  PASSAGES  (CONTINUED) 


IlSi 


riBsi 


A ONE  PERSON 

B ONE  PERSON  PASSING; 
ONE  AGAINST  WALL 

C TWO  PERSONS  PASSING 
OR  ABREAST 

0 THREE  PERSONS  PASSING 
OR  ABREAST 


MINIMUM 
cm  (in) 

RECOMMENDED 
cm  (in) 

SI 

(20) 

61 

(24) 

76 

(30) 

91 

(36) 

112 

(44) 

137 

(54) 

152 

(60) 

183 

(72) 

Figure  7.1-2.  Aisle  Dimensions  (Ref.  2,X> 
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7.1.3  PASSAGES  (CONTINUED) 


Figure  7.1-3.  Doorway  Dimensions  (Ref.  2,X) 


Figure  7.1-4.  Clearance  Around  Doors  (Ref.  2,X) 
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7.2  CHAIR  DESIGN 
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RECOMMENDATIONS: 

Provide  several  chair  styles  so  that  the  one  most  suitable  for  a particular  body  size  and  work  habits  can 
chosen  by  each  display  user. 

Use  chairs  designed  generally  to  the  dimensions  of  Figure  7.2-3. 

Provide  a chair  containing  the  following  features: 

• A backrest  that  provides  lower  back  support, 

• Porous  upholstery, 

• A height  adjustment  that  is  easy  to  use,  and 

• An  adjustable  footrest  if  the  user's  feet  may  not  rest  on  the  floor. 

Provide  a chair  that  will  accommodate  different  operator  work  positions. 


Few  portions  of  a workstation  have  a greater  impact  on 
comfort  than  the  operator’s  chair.  It  has  been  suggested, 
for  example,  that  the  proper  positions  for  man  are 
standing  up  or  lying  down,  and  anything  in  between, 
primarily  sitting,  is  by  necessity  a compromise  (Ref.  1). 
Nearly  half  the  adult  male  population  will  at  some  time 
suffer  from  lower  back  pain,  and  this  almost  certainly  is 
aggravated  by  the  amount  of  time  spent  in  a sitting 
position  (Ref.  2). 

This  section  summarizes  a number  of  the  factors  that 
should  be  considered  when  designing  or  selecting  a chair 
for  use  with  an  imagery  display.  Since  in  most  instances 
it  will  be  necessary  to  select  from  available  designs,  it  is 
likely  that  some  compromise  will  be  required.  Evalua- 
tion by  individuals  typical  of  the  user  population  is 
desirable;  these  evaluations,  however,  make  a significant 
contribution  only  if  sufficiently  extreme  body  sizes  are 
considered.  Similarly,  the  responses  of  individuals 
known  to  have  mild  back  trouble  or  to  be  especially 
sensitive  to  chair  design  for  some  other  reason,  such  as 
poor  circulation,  are  more  important  than  those  of 
young,  athletic  individuals,  who  can  tolerate  almost  any 
design.  In  addition,  proper  evaluation  of  a chair  requires 
it  to  be  used  for  several  hours,  not  just  a few  minutes. 

Design,  or  selection,  of  a chair  is  conplicated  by  several 
factors.  Users  vary  widely  in  body  size  and  in  work 
habits.  They  also  vary  in  their  sensitivity  to  a poor  chair 
design.  Some  individuals  can  sit  in  almost  any  style  of 
chair.  Other  individuals,  particularly  those  with  back 


trouble,  will  be  uncomfortable  unless  the  desigi 
exactly  right. 

Chairs  are  so  inexpensive,  relative  to  the  cost 
manpower  and  modern  displays,  that  there  is  no  ext 
for  reducing  the  efficiency  of  a display  operator 
forcing  him  to  use  a poorly  designed  chair.  In  partia 
when  several  chairs  are  being  procured,  it  is  possibi 
make  piovision  for  variations  among  operators 
obtaining  several  different  designs  and  allowing  t 
operator  to  chose  the  one  best  for  him.  Unfortunat 
this  benefit  is  usually  lost  because  of  the  desires  of 
logistics  department  to  simplify  the  procurement  { 
cess,  and  of  management  to  establish  a uniform  decc 
each  work  area. 

Two  of  the  principal  ways  a chair  can  contributt 
discomfort  are  excessive  conpression  of  soft  portion 
the  body  and  inadequate  support  for  the  lower  b; 
These  are  summarized  in  Figures  7.2-1  and  7.2-2  bel 
A number  of  other  factors  are  also  irnportant  but  are 
covered  in  detail  here.  For  example: 

• Too  long  a seat,  relative  to  the  length  of  the  uj 
leg,  forces  the  back  forward  off  the  back  rest. 

• Too  soft  and  deep  a seat,  or  too  rounded  a 
places  part  of  the  support  on  the  outer  part  of  t 
thigh:  this  tends  to  rotate  the  thighs  upward,  plai 
an  uncomfortable  load  on  the  hip  joints  (Ref.  1). 
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The  chair  adjustment  mechanism  must  be  easy  to  use, 
even  by  the  sircillest,  weakest  operator.  This  applies 
particularly  to  the  vertical  adjustment  on  chairs  used 
with  a fixed  eyepoint  display,  where  compensation  for 
differences  in  trunk  length  must  be  made  with  the  chair 
rather  than  with  the  display.  Observation  indicates  that 
when  a citair  is  difficult  to  adjust,  users  will  tend  to 
suffer  in  an  uncomfortable  position  rather  than  struggle 
toaujus"  it. 

It  is  essential  that  the  chair  seat  be  upholstered  with  a 
porous  material  in  order  to  avoid  problems  with  perspi- 
ration during  prolonged  use. 

The  mobility  of  the  chair  is  important.  In  most  work 
situations,  the  operator  must  frequently  move  from  one 
display  to  another  or  move  to  text  material  lying  on  a 
nearby  desk.  This  usually  involves  rotation  of  90  to  1 80 
degrees,  plus  some  chair  translation.  Casters  and  a 
rotatable  chair  are  therefore  essential.  The  casters  should 
not  be  too  freewheeling  or  the  chair  will  tend  to  roll 
back  from  the  display  whenever  the  operator  rests  his 
elbows  on  some  portion  of  the  display  structure. 

The  chair  base  should  extend  toward  the  rear  far  enough 
to  eliminate  any  possibility  that  the  chair  will  tip  over 
when  the  user  leans  back. 

If  the  seat  is  too  high  for  some  user’s  feet  to  reach  the 
floor,  as  with  a display  that  incorporates  a fixed 
eyepoint  to  floor  distance  (Section  6.1.2),  the  operator 
must  be  provided  with  a footrest  to  support  his  feet. 
Footrest  height  is  determined  by  the  seat-to-floor 
distance  limit  (K)  in  Figure  7.2-3.  Proper  size  and 
horizontal  positioning  of  the  footrest  has  not  been  well 
documented.  It  should  be  large  enough  to  prevent 
pressure  points  on  the  user’s  feet,  and  ideally  it  should 
allo^  some  shifting  in  foot  position.  The  possibility  of 
shoe  or  stocking  damage  will  be  important  to  some 
users.  The  footrest  must  'oe  convenient  to  use  and  not 
interfere  with  the  free  movement  of  the  chair. 

In  theory,  it  seems  desirable  to  spring-load  a lumbar  pad 
backrest  and  allow  its  position  to  vary  to  suit  the  user’s 


needs.  Unfortunately,  in  practice  the  spring  tension  is 
usually  inadequate,  with  the  result  that  the  spring- 
loading causes  mure  muscular  tension  and  discomfort 
than  it  eliminates.  Spring-loading  should  generally  be 
avoided  unh  ; it  includes  adequate  adjustment  capa- 
bility, and  even  then  it  should  incorporate  a backrest 
travel  limit  of  2 to  3 cm  (1  in). 

The  chair  should  be  designed  to  accommodate  the 
several  different  positions  the  typical  display  operator 
may  assume  over  a period  of  time.  Some  of  these  will  be 
due  to  variations  in  work  activity  and  others  simply  to 
his  search  for  comfort.  Four  typical  positions  are  given 
below. 

• The  operator  is  bent  forward  at  the  waist  and  is 
looking  straight  down,  as  when  using  a tube  magni- 
fier. The  lumbar  pad  provides  little  if  any  back 
support.  A significant  portion  of  upper  body  weight 
is  supported  by  the  arms. 

• The  operator  is  bent  forward  slightly,  with  his  eyes 
perhaps  30  to  60  degrees  below  horizontal,  as  when 
using  a typical  microscope,  reading  text,  or  writing. 
The  lumbar  pad  helps  maintain  spinal  curvature 
(Figure  7.2-1). 

• The  operator  is  erect  and  looking  approximately 
horizontal,  as  when  using  a microscope  with  hori- 
zontal eyepieces  or  looking  at  a typical  screen 
display.  If  an  upper  back  support  is  provided  on  the 
chair,  it  can  be  used  to  support  a portion  of  the 
operator’s  weight. 

• The  operator  is  leaning  back  in  his  chair  to  read 
material  held  in  his  hands,  to  converse  with  other 
personnel,  or  simply  to  think.  The  upper  back 
support  and  arm  rests  contribute  significantly  both  to 
suppo'ting  body  weight  and  to  maintaining  a com- 
fortable position. 

Many  useful  articles  on  chair  design  have  been  published 
in  addition  to  those  discussed  in  this  section  (Ref.  3). 
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Figure  7.2-1 : Curvature  of  the  Lumbosacral  Spine  (Ref. 
4).  For  most  individuals,  the  lumbosacral  portion  of 
their  spine  has  a slight  forward  curvature  when  they 
stand  erect.  Excessive  deviation  from  this  curvature,  in 
either  direction,  can  cause  discomfort  and  pain,  or  even 


damage,  in  the  lower  back  (Ref.  5).  A back  support  in 
this  region,  sometimes  referred  to  aj^lumbar  pad,  help! 
to  maintain  proper  curvature  Jj^rSn  also  carry  a slight 
portion  of  the  body  weigbt-r'^ 


Figure  7.2-2:  Excessive  Compression  by  Seat  Surface. 
When  the  pressure  between  the  seat  surface  and  the 
body  exceeds  the  blood  pressure,  the  blood  vessels  col- 
lapse and  blood  flow  into  that  region  ceases.  This  causes 
discomfort  and,  if  prolonged,  pain.  With  a flat,  rigid  seat 
pressures  in  the  buttocks  region  of  approximately  60 
times  blood  pressure  have  beer  measured  (Ref.  6).  Addi' 
tion  of  padding  reduces  maxirrum  pressure  by  distributi 
the  load  over  a greater  area. 

A similar  problem  occurs  in  the  lower  thigh.  If  the  seat 
too  high  above  the  foot  support  surface,  excessive  pres- 
sure on  the  thigh  anywhere  from  the  knee  to  the  middle 
of  the  upper  leg  can  compress  blood  vessels  or  even  the 
nerves  to  the  lower  leg.  Again  the  result  is  discomfort  oi 
pain,  or  the  sensation  that  the  lower  leg  is  "asleep." 
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Figure  7,2-3:  Chair  Dimensions.  The  best  available 
recommendations  for  the  dimensions  of  a chair  to  be  used 
by  male  and  female  imagery  display  operators  are  sum- 
marized here.  They  are  based  on  nine  sources,  <Ref.  7), 
some  of  which  describe  original  research  and  some  of 
which  are  summaries  of  published  reseaich. 

A — Seat  depth,  nreasured  from  the  forward  limit  of 
the  lumbar  pad  to  the  front  edge  of  the  seat 
should  not  exceed  43  cm  (17  in),  with  a pre- 
ferred limit  of  41  cm  (16  in);  a longer  seat  may 
prevent  some  users  from  sliding  back  against  the 
backrest.  I 

B — The  front  edge  of  the  seat  rhould  be  rounded  to 
reduce  pressure  on  the  thighs;  unless  the  seat  is 
thin,  the  front  edge  should  taper  underneath  so 
that  the  user's  lower  legs  can  be  swung  back 
beneath  the  seat;  the  seat  surface  should  be  flat 
or  only  very  slightly  contoured  (for  a padded 
seat). 

C — The  seat  should  be  horizontal  or  slanted  back  a 
maximumof  5 degrees.  | 

D — The  seat  should  be  padded  so  that  it  compresses 
2 to  5 cm  (1  to  2 in)  when  used  by  an  average 
size  individual;  elevation  .neasurements  are  most 
properly  made  from  Ifie  compressed  seat  surface. 


E — The  region  below  the  lumbar  pad  should  be 
open,  or  at  least  curved  back  sha.'oly,  to  leave 
room  for  the  portion  of  the  body  be!nw  the  lurtv 
bar  vertebrae  (sacrum)  when  the  lumbar  region 
comes  in  contact  with  the  backrest.  This  open  or 
recessed  region  should  extend  12  to  15  cm  (5  to 
6 in)  above  the  compressed  seat,  with  a minimum 
value  of  10  cm  (4  in). 

F — The  minimum  vertical  length  of  the  lumbar  pad 
is  12  to  15  cm  (5  to  6 in). 

G — The  forward  point  of  the  lumbar  pad  should  be 
18  to  20  cm  (7  to  8 in)  above  tha  compressed 
seat  surface;  adjustment  over  a range  of  1 5 to  25 
cm  (6  to  10  in)  is  preferable. 

H — The  upper  backrest  should  extend  at  least  46  to 
50  cm  (18  to  20  in)  above  the  compressed  seat 
surface. 

I — In  order  to  maintain  proper  back  curvature,  the 
upper  portion  of  the  lumbar  pad  should  make  an 
angle  of  approximately  105  degrees  with  the  seat 
surface;  a pivot  behind  the  pad  is  a useful  though 
not  absolutely  necessary  method  of  adjustment. 

J — The  upper  portion  of  the  backrest  should  tilt 

back  1()5to  115  degrees;  a value  approaching  the 
naaximum  tiit  is  best  for  the  present  application, 
since  it  will  increase  the  operator's  ability  to 
make  use  of  the  lurrtiar  support  in  the  lower 
portion  of  the  backrest  while  keeping  his  arms 
ar.a  shoulders  free  to  work  at  the  light  table. 

K — Although  most  fixed  height  seats  are  43  to  46  cm 
(17  to  18  in)  above  the  floor,  a better  dimension 
is  38  to  41  cm  (15  to  16  in),  since  it  is  easier  to 
accommodate  to  a seat  that  >t  too  low  than  to 
one  that  is  too  high;  whete  eye  positioning  is 
critical,  adjustment  over  a range  of  36  to  50  cm 
(14  to  20  in)  in  inaements  no  larger  than  2 cm 
n in)  should  be  possible. 

L — The  armrest  height  above  the  compressed  seat 

surface  should  be  adjustable  from  20  to  25  cm  (8 
to  10  in);  if  armrest  height  must  be  fixed,  the 
preferred  value  is  25  cm  flO  in)  (Ref.  8). 

M — The  upper  backrest  should  be  at  least  50  cm  (20 
in)  wide;  it  should  have  little  or  no  lateral  curva- 
ture; the  minimum  radius  of  curvature  is  41  cm 
(16in). 

N — The  lumbar  pad  should  be  at  least  30  cm  (12  in) 
wide;  it  should  have  little  or  no  lateral  curvature; 
the  minimum  radius  of  curvature  is  19  cm  (7  in). 

O — The  scat  should  be  at  least  43  cm  (17  in)  wide, 
with  a preferred  value  of  46  to  48  cm  (18  to  19 
in). 

P — If  the  armrest  does  not  extend  more  than  19  cm 
(7.5  in)  in  front  of  the  forward  limit  of  the  lum- 
bar pad,  it  will  not  interfere  with  moving  the 
chair  close  to  the  display  for  any  user  with  a 
waist  thickness  greater  than  that  of  a 5th  per- 
centile male. 
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The  recommendations  in  these  nine  studies  were  seldom  in  complete  agreement.  The  dimensions  in  Figure  7.2-3  are 
based  on  a rough  f ssessment  of  the  validity  and  relevance  of  the  data  supporting  each  author’s  recommendations. 

1 

8.  A fixed  armrest  height  of  20  to  23  cm  (8  to  9 in)  has  been  recommended  by  some  authorities  but  the  test  data  to 
support  this  value  are  not  reported  and  anthropometric  data  for  male  and  female  civilian  and  military  personnel  sug- 
gest that  10  inches  is  a better  choice.  This  would  require  some  users  to  slide  their  arms  forward  or  to  sit  with  their 
shoulders  somewhat  raised,  but  it  should  allow  nearly  everyone  to  reach  the  armrest. 
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SECTION  7.3  AMBIENT  ILLUMINATION 


Hie  (erm  "iinbient  illumination”  includes  all  sources  of 
illumination  except  those  used  to  display  imagery  or  as 
signals.  In  most  cases  this  means  ceiling-mounted  liglit 
fixtures  and  desk  lamps,  Tlie  two  major  requirements 
imposed  on  ambient  illumination,  quantity  and  spatial 
distribution,  are  summarized  in  Sections  7.3.2  and  7.3.3 
below. 

Tire  spectral  ami  temporal  distribution  of  the  ambient 
illuminatioris  are  also  important.  For  most  applications, 
any  common  illumination  source  with  a spectral  distri- 
bution that  yields  norriinally  white  liglrt  is  acceptable. 
Most  critical  color  discrimination  will  involve  cornpari- 


7.3.1  UNITS 

Two  terms  are  used  in  this  section  to  refer  to  the 
quantity  of  light,  luminance  and  illuminr.nce . As  is 
discussed  in  Section  3.2.1.  illuminance  refers  to  the 
quantity  of  liglit  falling  on  a given  surface  area  and 
luminance  refers  to  the  quantity  of  light  reflected  from 
or  passing  througli  a given  surface  area  and  traveling  in  a 
given  direction. 

For  surfaces  that  are  nonspecular  and  diffuse  incident 
liglit  evenly  in  all  directions  rather  than  reflecting  it  in 
one  direction  like  a mirror,  luminaiice  is  determined  by 
the  illuminance  and  the  reflectance  of  the  surface.  In  the 
preferred  International  System  I SI)  units,  illuminance  in 
lux  multiplied  by  R/rr,  or  0.318  R,  where  R is  the 


sous  Liciwcen  colors  in  the  imagery  being  interpreted  am 
colors  in  reference  samples  on  the  same  type  of  film,  li 
this  case,  the  imagery  illumination  spectral  distributioi 
recommendations  of  Section  3.2.9  apply.  If  reflectiv 
materials  are  used  as  color  references,  they  should  b 
illuminated  by  a special  limited-area  source  that  mee! 
these  same  requirements,  rather  than  by  the  ambier 
illumination. 

Temporal  variation  in  ambient  illumination  must  nr 
result  in  the  sensation  of  flicker.  The  factors  involved  ai 
essentially  the  same  as  for  display  illumination  and  ai 
discussed  in  Section  3.2  1 0. 


reflectance,  yields  the  luminance  in  candelas  per  squar 
meter  (cd/m^,  or  nits).  In  the  more  common  Englis' 
units,  illuminance  in  footcandles  (fc)  multiplied  by  ) 
yields  the  luminance  in  footlamberts  (fL).  The  Englis 
to  metric  conversion  factors  are: 

• 1 footcandle  (fc)  = 10.76  lux 

• I footlambert  (fL)  = 3.426  cd/m^ 

Tlie  term  “illumination”  was  formerly  used  to  refer  1 
the  quantity  now  known  as  illuminance.  The  prefern 
usage,  which  is  followed  in  this  document  insofar 
possible,  is  to  use  the  term  “illumination"  to  refer  to 
process,  rather  than  a quantity  (Ref.  1). 
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7.3.2  QUANTITATIVE  REQUIREMENTS 

RECOMMENDATIONS: 

In  rooms  where  imagery  displays  are  used,  provide  general  illuminance  of  approximately  330  lux  (30  fc); 
the  preferred  value  is  55  to  550  lux  (5  to  50  fc).  adjustable  by  the  user. 

On  areas  such  as  a desk,  wheie  the  display  user  reads  printed  material  or  writes  reports,  provide  an 
illuminance  of  approximately  550  tux  (50  fc);  preferred  value  is  110  to  1100  lux  (10  to  100  fc). 
adjustable  by  the  user. 

Do  not  allow  the  luminance  resulting  from  these  two  recommendations  to  exceed  the  maximum  display 
image  luminance  available  when  imageiy  of  typical  density  is  being  viewed. 

On  areas  used  for  viewing  paper  prints  that  serve  as  reference  material,  provide  an  illuminance  of 
approximately  2750  lux  (250  fc);  the  preferred  value  is  550  to  5500  lux  (50  to  500  fc).  adjustable  by  the 
user. 


Unlike  the  situation  wiili  imagery  displays  discussed  in 
Section  3.2.6,  tliere  is  no  shortage  of  liiglily  autluirita- 
tive  recommendations  for  the  illuminance  that  should  be 
provided  in  almost  any  work  environment  (Ref.  2). 
Some  of  these  are  summarized  in  Figures  7.3-1  and  -2. 
These  recommendations  have  on  occasion  been  chal- 
ler..ed  as  excessive  (Ref.  3).  perhaps  more  because  they 
have  usually  been  made  by  individuals  and  organizations 
supported  by  the  ligliting  industry  than  because  good 
test  data  exist  to  refute  them  (Ref.  4).  Given  the 
available  test  data,  they  a^e  probably  as  reasonable  as 
any  such  general  recommendations  can  be. 

The  quantitative  requirements  imposed  on  ambient 
illumination  have  been  developed  from  ntuch  of  the 
same  data  that  is  summarized  in  Section  3. 2.6. 1,  and  the 
summary  statements  made  at  the  beginning  of  that 
section  apply  here  also: 

• Over  a limited  range,  visual  performance  increases 
with  the  illuminance  provided. 

2 After  a certain  point,  each  successive  increase  in 
illuminance  on  the  visual  task  yields  a successively 
smaller  increment  in  visual  performance;  once  an 
adequate  performance  level  is  achieved,  the  cost  of 
sufficient  light  to  improve  perform" — e further  may 
not  be  justified. 


• The  illuminance  lecessary  for  maximum  visual  per- 
Ibrmance  increases  with  task  difficulty;  for  example, 
maximum  performance  in  reading  large,  high-contrast 
printed  text  will  occur  at  a much  lower  illuminance 
than  will  maximum  performance  reading  the  same 
text  if  it  is  small  and  has  very  low  contrast. 

It  is  important  to  keep  these  facts  in  mind  when 
designing  a lighting  environment,  and  to  remember  that 
the  spatial  distribution  of  the  light  can  be  as  impoaant 
as  the  amount.  Spati"J  distribution  is  discussed  in 
Section  7.3.’ 

If  the  luminance  viewed  by  the  display  user  near  the 
display  differs  considerably  from  the  display  image 
luminance,  the  display  user  will  require  a brief  interval 
to  adapt  to  the  new  luminance  each  time  he  shifts  to  or 
away  from  the  display.  (See  the  two  paragraphs  imme- 
diately preceding  Figure  3.2-52.)  Therefore,  the  ambient 
illuminance  should  yield  a luminance  in  this  area 
approximately  equal  to  the  display  image  luminance 
when  imagery  of  typical  density  is  being  displayed.  In 
practice,  it  is  usually  necessary  to  reduce  the  luminance 
of  most  areas  near  the  display  well  below  this  level  in 
order  to  eliminate  reflections  (Sections  7.3.3  and  4.4.2). 
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7.3,2  QUANTITATIVE  RTOUIREMENTS  (CONTINUED) 


lES 

RECOMMENDED 

luminance 


AREA 

lux 

Ic 

DRAFTING  ROOMS 

DETAILED  DRAFTING  AND  DESIGNING. 
CARTOGRAPHY 

2200 

1600 

200 

150 

HOUGH  1 AYOUT  DRAFTING 

1600 

150 

ACCOUNTING  OFFICES 

AUDITING  TABULATING.  BOOKKEEPING, 
BUSINESS  MACHINE  OPERATION, 
COMPUTER  OPERATION 

1600 

150 

OFFICES 

READING  POOR  REPRODUCTIONS,  BUSINESS 
MACHINE  OPERATION 

1600 

150 

READING  HANDWRITING  IN  HARD  PENCIL 
OR  ON  POOR  PAPER,  READING  FAIR 
REPRODUCTIONS 

1100 

ICO 

READING  HANDWRITING  IN  INK  OR 
MEDIUM  PENCIL  ON  GOOD  DUALITY  PAPER 

750 

70 

READING  HIGH  CONTRAST  OH  WELL- 
PRINTED  MATERIALS 

330 

30 

CONFERRING  AND  INTERVIEWING 

330 

30 

CONFERENCE  ROOMS 

CRITICAL  SEEING  TASKS 

1100 

100 

CONFERRING 

330 

30 

NOTE-TAKING  DURING  PROJECTION 
(VARIABLEl 

330 

30 

CORRIDORS 

220* 

20* 

•ILLUMINANCE  IN  CORRIDORS  SHOULD  BE  AT  LEAST 
20  PERCENT  OF  THE  ILLUMINANCE  IN  ADJOINING  AREAS 


Figure?  3-1:  lES  Recommended  Office  Illuminance. 
This  chart  summarizes  the  current  (1973)  Illuminating 
Engineering  Society  (lES)  recommendations  for  ambient 
illuminance  in  offices  (Ref.  5).  The  numbers  given  here 
are  intended  to  be  increased  if  there  is  sufficient  glare  or 
veiling  luminance  present  to  reduce  visibility  (Ref.  6). 
This  should  not  occur  in  a well-designed  imagery  display 
work  area.  (See  Section  7.3.3.) 
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7.3.2  QUANTITATIVE  REQUIREMENTS  (CONTINUEDI 


ARE 

STANDARD  REFLECTANCES  WILL  ERRORS 

TASK  GROUP  AND  ILLUMINANCE  OR  CONTRASTS  HAVE  SERIOUS  IS  THE  AREA 

TYPICAL  TASK  OR  INTERIOR  (lux)  UNUSUALLY  LOW?  CONSEQUENCES’  WINDOWLESS’ 

STORAGE 

STORAGE  AREAS  AND  PLANT 
ROOMS  WITH  NO  CONTINUOUS 
WORK 

ROUGH  WORK 
ROUGH  MACHINING  AND 
assembly 

ROUTINE  WORK 

OFFICES,  CONTROL  ROOMS, 

MEDIUM  MACHINING  AND 
ASSEMBLY 

DEMANDING  WORK 

DEEP  PLAN,  DRAWING  OR 
BUSINESS  MACHINE  OFFICES, 

INSPECTION  OF  MEDIUM 
MACHINING 

FINE  WORK 

COLOR  DISCRIMINATION, 

TEXTILE  PROCESSING. 

FINE  MACHINING,  AND 
ASSEMBLY 
VERY  FINE  WORK 
HAND  ENGRAVING,  INSPECTION 
OF  FINE  MACHINING  OR 
ASSEMBLY 

MINUTE  WORK 

INSPECTION  OF  VER  FINE 
ASSEMBLY 


Figure  7.3.2;  Impact  of  Working  Conditions  on  This  chart  is  included  here  to  show  relative  effects,  not 

Required  Illuminance.  This  flow  chart  shows  one  pub-  as  a set  of  specific  design  recommendations. 

fished  scheme  for  using  work  conditions  to  determine 

ambient  illuminance  requirements  (Ref.  7).  Many  of  the 

concepts  embodied  in  this  chart  were  used  to  derive  the 

values  in  Figure  7.3-1. 
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SECTION  7.3  AMBIENT  ILLUMINATION 


7.3.3  SPATIAL  DISTRIBUTION 

RECOMMENDATIONS: 

Provide  the  maximum  illuminance  in  the  primary  visual  work  area.  Make  the  remainder  of  the  visual  en- 
vironment slightly  darker  and  fairly  uniform.  The  following  actions  are  helpful  in  eliminating  extremely 
bright  and  dark  areas: 

• Direct  the  light  from  any  luminaire  within  the  visual  field  of  the  display  user  downward  onto  the  wot 
surface  where  it  is  required,  rather  than  into  his  eyes  (Figures  7.3-4  and  -6). 

• If  light  from  a luminaire  strikes  a wall  or  similar  surface,  reduce  the  reflectance  of  the  wall  to  the  point 
where  the  wall  luminance  is  not  objectionable. 

• Eliminate  specular  surfaces  that  might  provide  an  image  of  a high  luminance  area  such  as  a luminaire  c 
illuminated  wall;  or,  if  this  is  not  possible,  eliminate  the  high  luminance  area  (Figures  7.3-4,  -5,  and  -6) 

• Eliminate  large,  extremely  dark  areas  close  to  the  immediate  visual  work  area;  for  example,  replace  a 
dark  surfaced  desk  with  one  that  has  a reflectance  slightly  less  than  is  typical  for  white  paper. 

glare  effect  is  a function  of  the  product  of  the  luminam 
and  the  apparent  area  of  the  intense  source;  this  produ 
is  equivalent  to  the  photometric  quantity  lumino 
intensity  and  provides  a measure  of  the  quantity  of  lig 
reaching  the  eye.  Tlie  glare  effect  of  a small  source 
also  directly  related  to  the  proximity  of  the  source 
the  visual  work  area.  A limiting  distance  from  the  vis» 
axis  of  30  to  45  degrees  is  sometimes  given  (Ref.  10). 

These  recommendations  are  intended  to  provide  a fai> 
’iniform  luminous  environment.  If  specular  surfaC' 
such  as  directly  viewed  film,  the  front  surface  of  a re 
projection  screen,  or  a cathode  ray  tube  are  present, 
may  be  more  important  to  reduce  reflections  by  maki 
the  room  quite  dark,  rather  than  Just  a little  darker  th 
the  image  in  the  imagery  display.  If  printed  mater 
must  also  be  viewed,  limited  area  illumination  soun 
such  as  desk  lamps  or  higlily  directional  ceiling  lut 
naires  such  as  those  described  in  Figures  7.3-5  and 
must  be  provided. 

A considerable  amount  of  mateiial  has  been  written 
making  the  luminous  environment  uniform.  One  use 
source,  the  lES  Handbook  (Ref.  11)  also  includes 
quantitative  approach  developed  by  that  group, 
addition  to  being  more  than  sligiitly  complicated,  i 
not  obvious  exactly  how  this  technique  should 
applied  in  a work  environment  involving  imagery 
plays,  where  one  of  the  most  important  consideratioi 
elimination  of  reflections. 


The  spatial  distribution  of  liglit  in  the  work  environment 
can  be  almost  as  important  as  the  quantity.  As  the 
recommendations  in  this  section  indicate,  the  goal  is  to 
eliminate  extremely  bright  and  extremely  dark  areas  that 
can  act  as  a source  of  glare  or  produce  a distracting 
contrast  close  to  the  visual  work  area. 

Typical  recommendations  for  the  reflectance  surfaces  in 
offices  and  similar  work  spaces  arc  as  follows  (Ref.  8); 

• Ceiling  finish-80  to  92  percent  (Integrated  reflec- 
tance may  be  somewhat  lower  for  acoustic  materials). 

• Walls  -40  to  60  percent 

• Furniture  and  equipment-26  to  44  percent 

• Roors- 21  to  39  percent 

Excessively  dark  areas  can  be  as  troublesome  as  exces- 
sively bright  ones.  At  one  time,  dark  tops  were  common 
on  office  desks.  Tire  resulting  high  contrast  at  the  edge 
of  the  white  paper  that  contained  the  user’s  visual  task 
was  distracting  and  led  to  the  use  of  much  lighter 
surfaces.  Desk  surfaces  with  reflectances  equal  to  that  of 
white  paper  were  also  evaluated,  but  were  found  to  be 
less  desirable,  apparently  because  they  tended  to  obscure 
the  edge  of  the  sheet  of  paper  being  viewed  (Ref.  9). 

As  was  discussed  in  Section  3.2.12,  glare  results  both 
from  a large  surround  area  that  has  a much  different 
luminance  than  the  visual  work  area  and  from  a small 
area  that  is  extremely  intense.  In  the  latter  situation,  the 
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SECTION  7.3  AM3IENT  ILLUMINATION 


7.3.3  SPATIAL  DISTRIBUTION  (CONTINUED) 


Figure  7.3-3:  Glare  From  Ceilinj  Luminairet.  Light 
from  ceiling  luminaires  can  strike  the  display  user's  eyes 
directly  or  after  reflection  from  a specular  surface  such 
as  film,  a rear  projection  screen,  or  a cathode  ray  tube.  If 
this  light  reaches  the  eye  from  within  30  to  45  degrees 
of  the  line  of  sight,  it  acts  as  glare  and  it  can  be  annoying 
and  reduce  visual  performance  (Section  3.2.12,  Ref.  10) 

If  it  is  from  a reflection  located  on  the  line  of  sight,  it  air  > 


Figure  7.3-4:  Elimination  of  Glare  by  Use  of  Collimated 
Lumirtaires  in  Selected  Locations.  One  approach  to 
reducing  both  direct  and  reflected  glare  is  to  eliminate 
ceiling  luminaires  over  the  light  table  and  use  highly  col- 


constitutes  a veiling  luminance  that  reduces  the  luminance 
of  the  image  being  viewed  (Section  3.2.13). 

Although  it  is  not  included  in  this  illustration,  light 
reflected  from  walls  or  from  other  surfaces  in  the  work 
area  can  cause  the  same  problems  as  light  coming 
directly  from  a luminaire. 


limated  luminaires  over  desks  and  similar  areas  where 
printed  material  must  be  viewed.  An  alternative  is  to  elim- 
inate all  ceiling  luminaires  and  provide  desk  lamps  where 
they  are  needed. 
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7.3.3  SPATIAL  DISTRIBUTION  (CONTINUED) 


Figure  7.3-5:  Light  Distribution  for  Four  Diffusers. 
Diffusers  used  with  common  40-watt  fluorescent  lamp 
luminaires  vary  widely  in  the  extent  to  which  they 
spread  light  or  direct  it  downward.  Relative  luminous 
intensity  measurements  made  on  four  diffusers  are 
shown  here  in  polar  coordinate  form,  much  as  they 
appear  in  the  IKS  Handbook  (Ref.  12)  or  a manufac- 
turer's data  sheet  (Ref.  13,C).  The  four  diffusers  are 
(Ref.  14): 

• Prismatic— A typical  translucent  plastic  diffuser  with 
a raised  prismatic  pattern  on  the  lower  surface 

• Specular  Parahex-A  hexagonal  grating  with  a mirroi 
finish;  the  inner  surface  of  each  hexagonal  opening  i- 
curved  to  limit  spreading  of  the  light 

• Black  Parahex-Soecular  Parahex  painted  flat  black 

• Black  Eggcrate-A  12-mm  (0.5-in)  square,  12-mm 
(C.5-in)  thick  grid,  painted  flat  black 

As  the  figure  illustrates,  the  best  diffusers  for  limiting 
light  to  a small  area  such  as  a desk  are  the  two 
painted  black;  the  specular  Parahex  is  the  next  best 
choice.  All  three  provide  considerable  improvement  ov 
the  prismatic  diffuser. 

If  it  is  essential  to  minimize  luminaire  energy  consump 
tion,  the  specular  Parahex  may  be  the  better  choice.  T 
maximum  luminous  intensity  for  this  diffuser,  relative 
the  maximum  for  the  prismatic  diffuser,  was  0.90,  ven 
only  0.55  for  the  black  Parahex  and  0.65  for  the  black 
eggcrate. 
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7.3.  3 SPATIAL  DISTRIBUTION  (CONTINUED) 


(a) 


HORIZONTAL  DISTANCE  fO  LUMINAIRE  (III 


1 1 1. 1 I I I I I 

90  30  20  10 

LUMINAIRE  POSITION  RELATIVE  TO  EYE 
(degrees  above  horiaontal) 


(b) 


HORIZONTAL  DISTANCE  TO  LUMINAIRE  (ft) 


HORIZONTAL  DISTANCE  TO  LUMINAIRE  Im) 


I I 

90  30  20 

LUMINAIRE  POSITION  RELATIVE  TO  EYE 

(degrees  above  horizontal) 


Figure  7.3-6:  Glare  and  Luminance  for  Four  Diffus- 
ers. The  relative  amount  of  glare  caused  hy  each  of  the 
four  diffusers  described  in  the  previous  figure  is  shown 
here  as  a function  of  the  horizontal  distance  to  the  lumi- 
naire. The  luminaire  is  assumed  to  be  2m  (6  ft)  above 
eye  level  and  the  luminaire  is  assumed  to  be  O.Gm  (2  ft) 
wide. 

The  bottom  scale  shows  luminaire  position  expressed  as 
angular  distance  above  horizontal.  Assuming  a horizontal 
line  of  sight,  and  that  a glare  source  is  significant  within 
30  to  45  degrees  of  the  line  of  sight,  the  luminaire  would 
be  a potential  source  of  glare  when  it  was  further  than  2 
to  4m  (6  to  12  ft)  away. 

Part  (a)  of  this  figure  shows  relative  liwiinnus  hitcnsily 
and  therefore  provides  the  best  indication  of  the  glare 
caused  by  the  luminaire.  Comparing  the  four  diffusers  at 
an  angle  of  30  degrees  or  less  above  horizontal,  the  pris- 


matic diffuser  causes  at  least  10  times  as  much  glare  as 
any  of  the  other  three.  If  this  comparison  is  made  at  45 
degrees,  the  specular  Parahox  is  only  slightly  better  than 
the  prismatic  diffuser. 

Another  way  of  comparing  the  four  diffusers  is  to 
assume  that  the  display  user  looks  directly  at  the  lumi- 
naire. In  this  case,  his  eyes  adapt  to  the  luminance  of  the 
luminaire,  which  should  not  be  much  greater  than  the 
luminance  of  the  image  in  his  display  (see  the  discussion 
of  glare  in  Section  3.2.12).  Part  (b)  of  this  figure  shows 
the  relative  luminance  of  the  luminaire.  The  luminance  of 
a typical  fluorescent  lamp  luminaire,  viewed  from  directly 
below,  might  be  from  1700  to  5000  cd/m^  (500  to  1500 
fL),  and  a desirable  valut  for  the  display  user  to  view 
might  be  1 to  2 percent  of  this.  Again  the  black  eggerate  is 
the  most  effective  diffuser,  with  the  black  Parahex  and 
specular  Parahex  following  in  that  order. 


/ 
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1972,  pp.  la-6a.  This  is  a vigorous  defense  of  the  Illuminating  Engineering  Society  (lES)  approach  to  establishing 
recommended  illuminance  levels.  It  does  not  directly  address  the  criticisms  presented  in  7.3-3. 

5.  See  Figure  9-80,  page  9-87  of  Ref.  2. 

6.  Techniques  to  determine  the  illuminance  increase  necessary  to  correct  for  glare  or  veiling  luminance  appear  on  pa 
3-17  to  3-23  of  Ref,  2 and  in  the  references  below.  Their  use  will  not  be  obvious  to  the  casual  reader. 

A Unified  Framework  of  Methods  for  Evaluating  Visual  Performance  Aspects  of  Lighting.  Publication  CIE  No.  If 
(TC.3.1 ),  The  International  Commission  on  Illumination  (CIE),  Paris,  1972. 

Blackwell,  H.  R.  The  evaluation  of  interior  ligliting  on  the  basis  of  visual  criteria.  Appl.  Optics,  Vol.  6,  1967,  pp. 
1443-1467.  This  is  an  early  summary  of  the  principles  involved. 

7.  Collins,  J.  B.  The  lES  Code  1973.  Light  and  Lighting  and  Environmental  Design,  Vol.  66,  No.  2,  February  1973, 
36-39.  The  author  was  chairman  of  the  committee  that  derived  the  illuminance  recommendations  in  Ref.  2. 

8.  See  Figure  1 1-9  of  the  fourth  edition  of  Ref.  2. 

9.  Getting,  R.  L.  Thesis  on  Reflectance  Recommendations.  Lniversity  of  Wisconsin,  1948.  Partially  reprinted  as:  Ci 
walls  be  too  briglit?.  Lighting  Design  and  Application,  Vol.  1 . December  1971,  pp.  30-33. 

10.  Section  1 1 of  the  fifth  edition  of  Ref.  2 suggests  that  glare  is  important  within  about  30  degrees  of  the  line  of  sigi 
while  the  fourth  edition  uses  a value  of  45  degrees. 

1 1 . See  Ref.  2,  particularly  Section  3. 

12.  See  the  front  part  of  Section  9 in  Ref.  2. 

13.  Gane,  M.  Specialized  Partial  Collimated  Lighting  Systems  Test  Report.  Document  D2- 114112-1.  Tire  Boeing  Com 
pany,  Seattle,  Washington,  1967.  Tliis  is  the  laboratory  test  report  from  which  the  data  in  Figures  7.3-5  and  -6  w< 
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Kraft,  C.  L,  Decker,  T.  A.  and  Booth,  J.  M.  Improved  Lighting  Systems  for  Image  Interpreters  Work  Spaces.  Doc 
ment  D2-1 14125-1.  The  Boeing  Company,  Seattle,  Washington,  1967.  This  report  analyzes  lighting  systems  utiliz 
diffusers  of  the  type  represented  in  Figures  7.3-5  and  -6  in  terms  of  their  impact  on  the  interpreters’  visual  enviro 
ment  and  their  (1967)  cost. 
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14.  Tlie  four  diffusers  were: 

Prismatic  - Stock  No.  12478U2,  Liglitolier,  Inc.,  Jersey  City,  New  Jersey.  A solid  sheet  of  plastic,  approxi- 

mately 0.7  by  1.3m  (2  by  4 ft)  in  size.  Probably  similar  to  the  diffusers  on  Luminaires  3 and  7, 
Figure  9-4  in  the  fourth  edition  of  Ref.  2. 

Specular  Parahex  - Stock  No.  PHS  684-4SRS,  Globe  Illumination  Co.,  Gardenia,  Calif.  A plastic  mirror-finish  grid. 

The  hexagonal  grid  openings  are  smaller  at  the  top  than  at  the  bottom,  and  are  vertically  curved 
to  limit  the  angular  area  illuminated,  much  as  the  following  article:  Dobras,  Q.  D.  and  Riillips, 

D.  R.,  Designing  low  briglitness  luminaires  for  higher  ligliting  levels.  Ilium.  Engr.,  Vol.  54, 
October  1959,  pp.  627-633. 

Black  Parahex  - Specular  Parahex,  painted  flat  black,  paint  No.  TT-E-527B,  on  inner  surfaces  and  on  the  bottom, 
but  not  on  the  top  surface. 

Black  Eggcrate  - Part  No.  8351,  Plastic  Louver  Suspended  Ceiling  Panel,  Sears,  Roebuck  and  Co.  A plastic  grid, 

; 13  mm  (0.5  in)  thick,  with  13  mm  (0.5  in)  square  openings.  Painted  flat  black,  paint  No.  TT-E- 

527B,  on  all  surfaces. 
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7.4.1  Ventilation 

7.4.2  Temperature 


7.4.3  Relative  Humidity 


SECTION  7.4  AIR  CONDITIONING 


NOTE;  Because  this  entire  section  consists  of  recommendations,  they  are  not  listed  separately  here. 


Air  conditioning  is  required  to  remove  objectionable 
impurities  from  the  air  and  to  maintain  tlie  temperature, 
humidity,  and  airflow  rate  within  acceptable  limits.  Tlie 
values  given  here  are  based  primarily  on  military  human 
engineering  standards  (Ref.  I),  and  one  summary  paper 


7.4.1  VENTILATION 

The  amount  of  air  introduced  to  a work  area  depends  on 
the  number  of  persons  present  and  on  their  work 
activity.  The  recommended  amount  of  air  for  adults 
engaged  in  moderate  physical  activity  ranges  from  0.14 
to  0.85  m^  (S  to  30  ft^)  per  minute  per  person,  with 
approximately  two-thirds  of  this  consisting  of  new, 
outside  air  (Ref.  5). 


7.4.2  TEMPERATURE 

The  preferred  temperature  varies  with  relative  humidity, 
so  it  is  common  to  combine  the  two  into  an  effective 
temperature,  ET.  To  be  even  more  precise,  one  can  also 
include  airflow  velocity  and  wall  temperature  in  the 
determination  of  effective  temperature  (Ref.  2). 

Preferred  temperature  apparently  does  not  vary  from 
summer  to  winter,  so  long  as  the  insulation  value  of  the 
clothing  worn  by  the  individuals  being  tested  is  held 
constant  (Ref.  2).  However,  since  individuals  tend  to 
wear  lighter  clothing  during  hot  summei  weather,  higher 
temperatures  are  acceptable.  The  desire  to  reduce  energy 
consumption  may  also  make  temperatures  closer  to 
outdoor  temperatures  more  acceptable,  but  there  are  no 
known  test  data  available. 

As  Figure  7.4-1  illustrates,  the  preferred  effective  tem- 
perature is  18.3  to  21.1°C  (65  to  70°F)  in  the  winter 
and  18.9  to  23.9°C  (66  to  75°)  in  the  summer  (Ref. 
1,X). 


on  thermal  comfort  (Ref.  2).  More  complete  treatment 
of  thermal  comfort  is  available  (Ref.  3),  and  more 
extensive  standards  are  available  in  the  publications  of 
the  American  Society  of  Heating,  Refrigeration  and 
Air  Conditioning  Engineers  (ASHRAE)  (Ref.  4). 


Air  velocity  past  individuals  should  be  between  3 and 
20m  (10  and  65  ft)  per  minute.  Higher  velocities  may 
cause  personnel  to  feel  a draft,  and  lower  ones  may 
cause  complaints  oi  stuffiness  (Ref.  2). 


In  some  buildings,  a reduction  in  the  energy  required  for 
summer  cooling  can  be  achieved  by  using  cool  night  air 
to  remove  some  of  the  heat  from  the  interior  of  the 
building  and  by  allowing  the  temperature  to  rise  several 
degrees  throughout  the  day.  It  is  not  known  if  personnel 
tolerance  limits  for  temperature  variations  of  this  kind 
have  been  published. 

The  temperature  should  be  relatively  uniform  through- 
out the  work  area.  A maximum  variation,  measured 
from  floor  to  head  level,  of  5.5°C  (10°F)  has  been 
suggested  (Ref.  1,X). 
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ASSUMPTIONS; 

Sitting  person  dressed  in 
conventional  clothing 
(insulation  value  = 1 do) 
doing  light  manual  work 

Air  motion  equals  60  m/min 
(200  ft/min)  for  tolerance  zones 
and  6 m/min  (20  ft/min)  (or 
comfort  zones. 


RH 

**  Relative  humidity 

T 

* Temperature 

ET 

* Effective  temperature 

C 

= Centrigade  (Celsius) 

F 

* Fahrenheit 

HR 

= Hour 

Figure  7.4-1:  Thermal  Comfort  and  Tolerance  Zones 
(Ref.  1,X).  This  figure  illustrates  the  region  of  thermal 
comfort,  and  the  tolerance  times  outside  this  zone,  for  a 
seated  person  wearing  conventional  office  clothing  and 


performing  light  manual  work.  Air  velocity  in  the  com- 
fort zone  is  6m  (20  ft)  per  minute.  In  the  tolerance 
zones  it  is  60m  (200  ft)  per  minute. 


7.4.3  RELATIVE  HUMIDITY 

The  preferred  value  for  relative  humidity  is  45  to  50 
percent;  the  acceptable  range  is  35  to  65  percent  (Ref.  I, 
2,X).  A relative  humidity  below  1 5 percent  will  dry  the 


eyes,  skin,  and  respiratory  tract  sufficiently  to  cause 
discomfort,  while  values  over  70  percent  can  lead  to 
mold  growth  and  condensation  on  cool  surfaces. 
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SECTION  8.0  GLOSSARY 


This  sev;tion  tH>niaiiis  definitions  of  many  of  the  terms  used  in  the  handhook.  In  some  instances,  more  complete  treatment 
of  a term  appears  where  it  is  defined  or  explained  in  the  text  of  the  handbook,  or  in  the  references  following  each  section. 
Figure  8.0-1  summari/es  the  conversion  factors  used  in  the  text.  Rounding  errors  will  occasionally  cause  small  deviations 
from  the  values  shown  here.  Figures  8.0-2  and  -3  list  the  symbols,  acronyms  and  abbreviations  that  appear  in  the  text 
separated  from  their  definitions. 


DISTANCE: 

1 meter  (m)  = 10^  centimeters  (cm)  = 10^  millimeters  (mm) 

= 10®  micrometers  (/am)  = 10®  nanometers  (nm) 

= 10'®  Angstrom  (A°) 

1 inch  (in)  = 2.54  centimeters  (cm)  = 25.4  millimeters  (mm) 

FORCE: 

1 gram  (g) 
1 lb 
1 dyne 

= 0.0352  ounce  (oz)  = 0.0022  pound  (lb) 

» 16gz  “ 453.6  g 

» 10‘®  newtons  “ 0.00102  gram  (or  more  correctly,  gram  weight) 

TORQUE: 

1 gram-meter  (g-m)  = 1.39  ounce-inches  (oz-in)  = 0.087  pound-inch  (lb-in) 

1 kilogram-meter  (kg  m)  = 7.23  pound-feet  (Ib-ft) 

POWER: 

1 watt  (W) 

.2_J.4ooU-(d)--per-SBCt5ha' 

(hp)  » obO  foot-pounds  per  second  » approximately  745.7  watts 

P = VI  = V^/R  = I^R,  where  P = power  in  watts, 

V = potential  in  volts.  1 = current  in  amps  and  R = impedance  in  ohms. 

ILLUMINANCE: 

1 lux 
1 tc 
E 

= 0.0929  footcandle  (fc) 

= 10.76  lux 

= AL,  where  E is  retinal  illuminance  in  trolands  (Td), 

A is  pupil  area  in  square  millim»ters  (mm^)  and  L 
is  scene  luminance  in  candela  per  square  meter  (cd/m^) 
(See  Section  3.2.2.) 

LUMINANCE: 

1 cd/m^ 
1 fL 
1 mL 

= 0.292  fL  ^ « 0.314  mL 
” 3.426  cd/m^  = 1.076  mL 
= 0.929  fL  - 3.183  cd/m2 

(cd/m^  = candela  per  square  meter,  or  nits; 
fL  = footlambert;  mL  = millilambert) 

TYPE  SIZE: 

1 point 

= 0.35  mm  = 0.0138  in 

Figure  8,0-1.  Conversion  Factors 


(when  following  a reference)  a reference  rating;  described  in  Section  1 .4 


A,  B,  C.  D,  X 

Cnv  C|,  Cd 

cd/m^ 

cm 

D 

dB 

dBA 

E 

fc 

fL 

ft-lb 

9 

g-m 

Hz 

I 

in-oz 

J 

OK 

KHz 

kV 

m 

m/-*. 

mg 

MHz 


contrast  as  defined  in  Figure  3.1-10 

candelas  per  square  meter 

centimeter 

diopter 

decibel 

sound  pressure  level  in  decibels  weighted  according  to  curve  A in  Figure  6.6-4 

illuminance 

footcandle 

footlambert 

foot  pound  (work) 

gram 

gram  meter  (torque) 

Hertz 

intensity 

inch  ounces  (work) 
joule 

degrees  Kelvin 
kilohe.tz 
kilovolts 
meter 

milliampere 

milligram 

megahertz 


min 

mJ 

m-Kg 

mm 

mW 

n 

nits 

nm 

N/m^ 

nsec 

oz-in 

R 

Sine 

T 

Tx 

Td 

W 

X,  Y, : 
X.  Y.Z 

X,  y,  z 

x.y.z 

X 

HA 

fim 

psec 

(Matt 

a 

NOTE: 


” minutes 
= millijoule 

• meter  kilogram  (work) 

= millimeter 

= miliiwatt 
= index  of  retraction 
= candelas  per  square  meter 
= nanometer 

• newtons  per  square  meter 
» nanosecond 

“ ounce  inches  (torque) 

» megabaud;  reflectance;  numerator  of  remainder  from  an  arithmetical  division 

• spectral  reflectance 
sin  X 

a 

X 

• transmittance 

= spectral  transmittance 
= troland 

• watts 

! • Cl  E primaries 

= tristimulus  values  for  X,  Y,  and  Z primaries 

= spectral  tristimulus  values 

= spectral  tristimulus  values  for  a specific  wavelength,  X 
= chromaticity  coordinates 

= wavelength 
» microamperes 
= micrometers 

• microseconds 

• microwatts 

» standard  deviation 

This  list  includes  only  those  symbols  not  defined  on  the  page  where  they  are  used. 

Figure  8.0-2.  Symbols  (Continued) 
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ANSI 

= American  National  Standards  Institute 

bit 

= Binary  digit 

CCDl 

= Color  contrast  discrimination  index 

CFF 

= Critical  flicker  frequency,  critical  fusion  frequency,  critical  frequency  for  fusion. 

;•  • ...  j-' M 

•^CRI 

. = Color  rendennjpantfex  ■ t 

CRT 

= Cathode  ray  tube 

DPCM 

= Differential  encoded  pulse  code  modulation 

IEEE 

= Institute  of  Electrical  and  Electronics  Engineers,  Inc. 

IPD 

= Interpupillary  distance 

LBR 

= Laser  beam  recorder 

LCD 

= Liquid  Crystal  Display 

LED 

= Light  emitting  diode 

M 

= Magnification 

MAN-1 

= Trade  name  for  a seven-segment  LED 

MTF 

= Modulation  transfer  function 

NA 

= Numerical  aperture 

NC 

= Noise  criterion  curves 

NCA 

= Noise  criterion  curves,  alternate 

NTSC 

= National  Television  Standards  Committee 

OSHA 

= Occupational  Safety  and  Health  Administration 

PCM 

= Puise  code  modulation 

PNL 

= Perceived  noise  level 

PSIL 

= Preferred-frequency  speech  interference  level 

RETMA 

= Radio-Electronics-Television  Manufacturers  Association 

rms 

= root  mean  square 

RPA 

= Resting  point  of  accommodation 

SIL 

= Speech  interference  level 

SNR 

= Signal-to-noise  ratio 

SPL 

= Sound  pressure  level 

SPref 

= Reference  sound  pressure  level 

TV 

= Television 

UCS 

= Uniform  ciiromaticity  scale 

NOTE;  This  lisi  includes  only  those  acronyms  and  abbreviations  not  defined  on  the  page  where  they  are  used. 

Figure  8.0-3.  Acronyms  and  Abbreviations 
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Aberralioii:  Aii)  dcvialioii  Iroin  perfect  reproduction  so  tliat  a point  is  not  imaged  as  a point,  a straight  line  as  straight,  or 
an  angle  as  an  equal  angle. 

Absorption  coefficient;  The  fraction  of  the  incident  intensity  absorbed  per  unit  thickness  of  a transmitting  medium. 

Accommodation  (visual):  Specifically,  the  dioptric  adjustment  of  the  eye  to  attain  maximal  sharpness  of  the  retinal  image 
for  an  object  of  regard,  t-'oeusing  of  the  eye. 

Accommodative  amplitude;  The  difference,  expressed  in  diopters,  between  the  farthest  point  and  the  nearest  point  of 
accommodation  with  respect  to  the  spectacle  p;ane,  the  entrance  pupil,  or  some  other  reference  point  of  the  eye. 

Accuracy:  The  degree  to  which  the  average  of  a set  of  measurements  agrees  with  the  true  value. 

Achromatic  color:  Sensory  or  perceptual  components  possessing  a briglitness  level  but  no  hue;  white,  gray,  and  black. 

Achromaticness;  Brightness  or  liglitness  (see  aciiromatic  color). 

Actinic:  Pertaining  to  wavelengths  of  radiant  energy  which  produce  chemical  changes,  especially  those  beyond  the  violet 
end  of  the  visual  spectrum. 

Action  spectrum;  A curve  showing  the  relative  spectral  effectiveness  of  radiant  energy  in  causing  undesirable  effects. 

Active  portion  (TV  line):  The  portion  of  the  time  allo'ied  to  a single  active  TV  line  which  is  not  devoted  to  horizontal 
retrace;  approximately  83  percent  for  most  current  displays. 

Active  TV  lines:  The  number  of  lines  actually  scanned  on  the  photosensitive  element  of  the  camera  or  the  CRT  phosphor 
in  a single  frame,  m distinction  to  the  total  number  of  scan  periods  per  frame,  including  those  needed  for  vertical  retrace. 

Adaptation  (to  light  or  dark):  Tlie  adjustment,  occurring  under  changes  in  illumination,  in  which  the  sensitivity  to  liglit  (or 
liglit  threshold)  is  increased  or  reduced. 

Additive  color:  Superposition  or  other  nondestructive  combination  of  liglit  of  different  chromaticities. 

Aerii!  image  displays;  An  image,  especially  a real  image,  formed  by  an  optical  system  but  perceived  by  alignment  of  the 
viewing  eye  with  the  path  of  light  emerging  from  the  optical  system,  instead  of  being  focused  first  as  an  image  on  a receiv- 
ing screen.  Typical  aerial  image  displays  are  the  microscope,  or  a screen  viewed  with  a magnifier. 

Airy  disc:  Tlie  bright  diffuse  spot  of  liglit,  surrounded  by  a series  of  concentric  dark  and  light  rings,  that  makes  up  the 
image  of  a point  source  of  light  in  a diffraction  limited  display. 

Aliasing:  In  communications  theory,  the  generation  of  spurious  signals  caused  by  sampling  a signal  at  a rate  lower  than 
twice  its  frequency.  In  electro-optical  imaging  devices,  the  sampling  rales  refer  to  the  spatial  frequencies  of  the  scene  on 
the  photosensor.  Aliasing  in  these  systems  can  result  in  the  creation  of  artificial  spots,  gradients,  or  patterns  in  the 
imagery. 

Alignment  (of  images):  The  positioning  of  images  one  to  the  other  in  binocular  viewing,  expressed  in  units  of  visual  angle. 

Alternate  noise  criterion  (NCA)  curve:  A set  of  curves  which  specify  noise  limits  at  each  of  eiglit  octave  bands  (illustrated 
in  Figure  6.6-10).  These  curves  differ  from  noise  criterion  (NC)  curves  in  that  an  increase  in  the  noise  level  of  the  lower 
frequency  octaves  is  allowed. 

Ambient  illumination:  Ught  from  the  surroundings,  as  opposed  to  liglu  from  the  display  itself. 

Anaglyph:  Two  related  photographs  or  drawines,  superimposed  and  later.ally  displaced,  each  outlined  in  a color  comple- 
mentary to  that  of  the  other  (usually  in  red  an,,  blue-green)  to  be  viewed  througli  filters  of  the  same  colors,  one  to  each 
eye.  If  the  corresponding  parts  of  the  drawings  have  been  properly  displaced,  or  the  photographs  are  of  a single  scene 
taken  from  two  directions,  when  properly  fused  the  anaglyph  will  give  rise  to  the  percept  of  relief  or  stereopsis. 

Analog  signal:  A signal  that  is  solely  dependent  upon  magnitude  to  express  information  content.  Generally  continuously 
variable  in  strength  between  specified  limits,  as  opposed  to  a digital  signal  which  can  only  assume  discrete  values. 
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Anamorphic  magnification:  MagniTication  in  a single  direction  perpendicular  to  the  optical  axis,  so  that  the  image  appears 
to  stretch  in  one  dimension. 

Angular  subtense:  The  angle  formed  by  the  linear  extent  of  some  dimension  of  an  object  with  the  eye  at  the  vertex. 

Aniseikonia:  A relative  difference  in  size  and/or  shape  of  the  ocular  images.  It  can  be  measured  by  using  an  instrument  to 
present  a different  object  to  each  eye  and  measuring  the  relative  difference  in  the  visual  angles  which  causes  the  objects  to 
appear  equal  in  size,  or  equal  in  distance  from  the  point  of  binocular  fixation. 

Anisometropia:  A condition  of  unequal  refractive  state  for  the  two  eyes,  one  eye  requiring  a different  lens  correction  from 
the  other. 

Anode  potential:  In  TV  cameras  and  CRT’s  the  difference  in  voltage  between  the  electron  gun  and  the  scanned  element 
(camera  target  or  phosphor  surface). 

Anomaloscope;.  An  instrument  to  test  the  color  sense.  It  usually  consists  of  a viewing  tube  with  a circular  bipartite  field, 
one-half  of  which  is  illuminated  with  yellow,  the  other  with  a mixture  of  green  and  red.  Tire  yellow  half  is  not  variable 
except  for  briglitness,  while  the  other  may  be  varied  continuously  from  red  to  green.  The  color  sense  is  tested  by  mixing 
the  colors  of  the  variable  color  field  until  it  subjectively  matches  the  yellow  field.  A certain  combination  in  the  variable 
field  is  considered  normal,  and  specific  variations  indicate  the  type  or  the  degree  of  anomalous  color  vision  present. 

Anomaly  quotient  (AQ):  A measure  used  to  represent  degrees  of  deviation  from  normal  in  the  proportion  of  red  and  green 
mixed  to  make  yellow  in  the  anomaloscope. 

Aperiodic  interlace:  A staggered  interlace  system  in  which  different  times  are  allotted  each  field. 

Aperture:  An  opening  that  permits  light,  electrons,  or  other  forms  of  radiation  to  pass  througli.  In  an  electron  gun,  the 
aperture  determines  the  size,  and  has  an  effect  upon  the  shape,  of  the  electron  beam. 

Aperture  equalization  (television):  Electrical  compensation  for  the  signal  distortion  introduced  by  the  size  of  the  scanning 
aperture. 

Aperture  grill  (CRT):  A grill  used  as  a physical  barrier  to  the  electron  beams  in  color  CRT’s  in  order  to  avoid  excitation  of 
any  one  color  phosphor  by  the  electron  beams  not  associated  with  that  color. 

Aperture  mask  (CRT):  A metal  plate  with  accurately  formed  openings,  placed  closely  behind  the  phosphor  in  a tricolor 
picture  tube.  It  insures  that  each  of  the  three  electron  beams  excites  only  the  desired  color  phosphor. 

AQ  (see  anomaly  quotient) 

Aqueous  humor:  The  clear,  watery  fluid  which  fills  the  portion  of  the  eye  between  the  cornea  and  the  lens.  Tliis  region  is 
also  known  as  the  anterior  (forward)  chamber. 

Artificial  eye  photometer:  See  Figure  3.2-20. 

Artificial  pupil:  A perforation  in  a diaphragm  or  disk  to  be  held  or  mounted  in  front  of  the  eye  to  effect  a small  or  con- 
stant pupil  size. 

Aspect  ratio  of  a raster:  The  ratio  of  the  frame  width  to  the  frame  height. 

Astigmatism:  1.  A condition  of  refraction  in  which  rays  emanating  from  a single  luminous  point  are  not  focused  at  a single 
point  by  an  rptical  system,  but  instead  are  focused  as  two  line  images  at  different  distances  from  the  system,  generally  at 
right  angles  c each  other.  In  the  eye,  a refractive  anomaly  due  to  unequal  refraction  of  the  incident  light  in  different 
meridians.  K is  generally  caused  by  a cylindrical  component  in  the  anterior  (front)  surface  of  the  cornea  or,  of  less  degree, 
by  other  ocilar  refracting  surfaces,  or  by  the  obliquity  of  incidence  of  the  light  entering  the  cornea  or  the  crystalline  lens. 

2.  A monochromatic  aberration  in  which  light  rays  from  a point  located  off  the  optical  axis  come  to  focus  as  a line  radial 
to  the  optic  il  axis  at  one  distance  along  the  axis  and  as  a segment  of  an  arc  circumferential  to  the  axis  at  another  distance. 

Audiometric  monitoring:  Measurement  of  hearing  acuity  on  a continuing  basis  to  ensure  that  hearing  loss  is  not  occurring 
(due  to  noise  exposure). 

Average  spot  luminance  (CRT):  The  luminance  of  a spot  (CRT)  averaged  over  the  area  of  the  spot.  Spot  size  (area)  must 
be  defined. 

Backlash;  The  range  of  control  movement  after  reversing  direction  that  does  not  result  in  a system  response.  In  micro- 
scopes, the  maximum  focus  control  rotation  that  will  not  cause  the  stage  to  move. 
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Badal  principle;  An  opiical  tcchni(.|ue  Cor  obtaining  an  image  of  constant  angular  si/e  but  adjustable  vergence  (viewing 
distance).  It  involves  viewing  a target object  tliroiigli  a positive  lens  positioned  with  its  focal  point  at  the  eye  (properly,  at 
the  anterior  nodal  point  of  the  eye).  The  angular  si/c  of  the  target  is  the  same  as  if  the  target  was  located  in  the  plane  of 
the  lens,  and  the  vergence  in  diopters  varies  linearly  with  the  distance  of  the  object  from  the  lens. 

Banding;  A periodic  anomaly  in  the  image  generated  on  a CRT  or  optical  line  scan  printer  caused  by  uneven  spacing  of  the 
scan  lines.  It  gives  the  visual  appearance  of  stripes  or  bands  in  the  image. 

Bandwidth;  The  range  of  frequencies  over  which  the  performance  of  a device  is  within  specified  limits.  In  this  handbrrok 
the  term  refers  to  the  performance  of  the  electronics  associated  with  electro-optical  displays  and  is  expressed  in  megahert 
(Mil/). 

Baudrate;  A unit  of  signaling  speed  equal  to  the  number  of  discrete  conditions  or  signal  events  per  second  expressed  as  bits 
per  second. 

Beam  current;  The  current  emerging  from  the  final  aperture  of  the  electron  gun. 

Beam  modulation  (in  CRT’s);  1 . The  ratio  of  the  highlight  signal  current  to  the  dark  current.  2.  The  variation  in  beam 
current  corresponding  to  variations  in  the  signal  voltage. 

Bezold-Briicke  phenomenon;  A change  in  perceived  hue  of  some,  but  not  all.  spectral  colors  with  change  in  intensity. 

Bifocals;  Spectacles  containing  lenses  which  are  divided  to  provide  two  focal  points  (points  of  focus). 

Binary  data;  A numbering  system  using  the  base  2 (instead  of  the  base  10  in  the  common  decimal  system). 

Binocular;  1 . Pertaining  to  both  eyes;  2.  Tlie  use  of  both  eyes  simultaneously  in  such  a manner  that  each  retinal  image 
contributes  to  the  final  image. 

Biocular;  A binocular  optical  system  in  which  both  eyes  share  an  optical  element  with  a single  axis  of  symmetry.  See 
Figure  .T7-1 . 

Bit;  An  abbreviation  of  binary  digit;  one  element  in  a binary  number,  where  only  the  digits  0 and  I are  allowed. 

Blackbody  (see  Planckian  radiator) 

Blanking  (in  CRT’s):  The  process  of  cutting  off  the  electron  beam  during  retrace. 

Blemish;  Nonsystematic  variations  in  screen  luminance  caused  by  a CRT  defect. 

Blind  spot:  A portion  of  the  visual  field  where  nothing  is  seen  because  the  corresponding  retinal  area  is  without  receptors. 
This  occurs  at  the  point  where  the  optic  nerve  exits  the  eye. 

Bracketing;  A technique  for  obtaining  the  optimum  setting  of  a continuously  adjustable  control  ’ey  moving  it  back  and 
forth  througlt  the  optimum  to  a point  on  either  side  where  setting  is  apparently  worse.  A position  midway  between  these 
settings  is  then  selected  as  optimum.  Bracketing  is  frequently  used  for  microscope  focusing. 

Break-even  voltage:  Anode  potential  at  which  the  luminescence  produced  by  a CRT  is  equal  for  aluminized  and  non 
aluminized  screens. 

Brightness;  Tiie  subjective  attribute  of  any  liglit  sensation  giving  rise  to  the  perception  of  luminous  intensity,  including  the 
whole  scale  of  qualities  of  being  briglit,  li^it.  brilliant,  dim,  or  dark.  More  popularly,  brightness  implies  the  higlier  intensi- 
ties, dimness  the  lower.  At  one  time  the  term  brightness  was  also  used  for  the  quantity  luminance;  this  usage  is  no  longer 
correct. 

Broad-band  noise:  In  electronic  circuits,  noise  covering  a range  of  frequencies  equal  to,  or  substantially  equal  to  the  band- 
width of  the  circuit. 

Buffer;  In  data  processing  and  computation,  a storage  device  used  to  compensate  for  a difference  in  the  rate  of  flow  of 
information  or  time  of  occurrence  of  events  when  transmitting  information  from  one  device  to  another. 

Candela;  The  unit  of  luminous  intensity  in  the  CIE  photometric  system.  It  is  1/60  of  the  luminous  intensity  of  1 cm^  of  a 
blackbody  radiator  at  the  temperature  of  solidification  of  platinum.  The  term  is  intended  by  the  CIE  to  be  used  in  place 
of  candle,  international  candle,  and  new  candle. 

Cathode  luminescent  (phosphor)  (see  cathodoluminescencc) 

Cathode  ray  charge-storage  tube:  A charge-storage  tube  in  which  the  information  is  written  by  means  of  a cathode  ray.  In 
charge-storage  tubes,  the  information  is  retained  on  the  storage  surface  in  the  form  of  a pattern  of  electric  charges. 
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Cathode  ray  tube  (CRT);  A tube  in  which  tlie  electrons  emitted  by  a licated  cathode  are  focused  into  a beam  and  directed 
toward  a phosphor-coated  surface  that  heci'mes  luminescent  at  the  point  where  the  electron  beam  strikes  it. 

Cathuduluminescence;  The  property  of  emitting  liglit  when  bombarded  by  electrons. 

CDI  (see  color  discrimination  index) 

CFF  (critical  flicker  frequency,  critical  fusion  frequency,  critical  fici,uency  for  fusion);  The  rate  of  presentation  of  inter- 
mittent, alternate,  or  discontinuous  photic  stimuli  that  just  gives  risi  to  a fully  uniform  and  continuous  sensation  obliterat- 
ing the  flicker. 

Chip;  An  individual  piece  or  fragment.  For  photographic  imagery,  ‘‘rame  or  portion  of  a frame,  as  distinct  from  a roll. 
Color  chips  are  individual  samples  of  selected  colors. 

Chroma;  The  dimension  of  the  Munsell  system  of  color  which  corresponds  most  closely  to  saturation. 

Chromatic  abenation;  Aberration  produced  by  unequal  refraction  of  different  wavelengths  or  colors.  The  typical  mani- 
festation of  chromatic  aberration  in  a simple  optical  system  is  a colored  fringe  on  the  border  of  an  image. 

Chromaticity  coordinates;  The  ratios  of  each  of  the  tristimulus  values  to  the  sum  of  the  three.  Symbols;  x,y,  and  z. 
Defined  in  Figure  5.2-8. 

Chromaticity  diagram;  A plane  diagram  formed  by  plotting  two  of  the  three  chromaticity  coordinates  against  one  another, 
thus  constituting  a graphical  representation  of  stimulus  characteristics  derived  from  color  mixture  data.  Illustrated  in 
Figure  5.2-9. 

Chromaticness;  The  attributes  of  chromatic  color  sensation,  hue  and  saturation  collectively,  as  distinguished  from 
intensity. 

Chrominance;  A color  term  defining  the  hue  and  saturation  of  a color.  Does  not  refer  to  briglitness. 

Chromostereopsis;  Stereopsis  resulting  from  the  lateral  displacement  of  retinal  images  of  objects  of  different  wavelengths. 
Discussed  in  Section  5.2.6. 

CIE  (Commission  Internationale  de  I'Eclairage);  An  international  organization  devoted  to  studying  and  advancing  the  art 
and  science  of  illumination.  It  is  variouslv  referred  to  as  C.I.E.,  or  l.C.I.  from  the  English  translation,  International  Com- 
mission on  illumination. 

CIE  chromaticity  diagram  (Sec  chromaticity  diagram  or  Figure  5.2-9) 

CIE  chromaticity  system;  Described  in  Section  5.2. 1.3. 

Clipping;  The  loss  oi  elimination  of  signals  greater  or  less  than  a defined  amplitude,  or  the  display  (at  a single  level)  of 
amplitude  above  or  below  a defined  amplitude. 

Cm.Cl'Cd.C  See  Figure  3.1-10. 

Coherent  illumination;  Electromagnetic  radiation  in  which  all  the  propagated  energy  is  in  phase,  the  maxima  and  minima 
of  all  waveSj  being  coincident;  the  energy  being  propagated  from  each  point  at  the  emitter  is  in  phase  with  every  other 
point. 

Collateral  material;  In  photointerpretation  work,  materials  other  than  the  latest  photographic  coverage,  which  aid  the  PI 
to  report  out  the  contents  of  the  imagery. 

Collimate;  1.  To  render  a bundle  of  rays  parallel.  2.  To  adjust  an  optical  instrument  so  that  its  mechanical  and  optical  axes 
are  coincident  or  parallel. 

Collimated  luminaire;  A luminaire  (light  fixture)  in  which  the  direction  of  light  is  restricted  or  modified  to  produce  nearly 
parallel  rays.  | 

Color;  1 . A sensory  or  perceptual  component  of  visual  experience,  characterized  by  the  attributes  of  hue,  brightness,  and 
saturation,  and  usually  arising  from,  or  in  response  to,  stimulation  of  the  retina  by  radiation  of  wavelengths  between  about 
380  and  760  nm.  Sensory  components,  such  as  white,  gray,  and  black,  which  have  neither  hue  nor  saturation  are  properly, 
but  are  not  always,  included  with  colors.  Variously  synonymous  with  hue,  tint,  or  shade.  2.  A stimulus  or  a visual  object 
which  evokes  a chromatic  response. 
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Color  adaptation:  An  uliereil  sensitivity  to  eolor  wliich  produces  apparent  changes  in  liur  or  saturation.  It  may  be  induced, 
tor  exan.ple,  by  varying  levels  of  illumination  or  by  prolonged  exposure  to  a specific  color. 

Color  bliiidnes.s;  A common  but  misleading  synonym  for  color  defect. 

Color  defect:  A variation  from  the  normal  response  on  a test  that  measures  luminosity  and  cbromaticness  in  various  parts 
of  tlic  visual  spectrum,  such  as  the  anomaloscope.  Discussed  In  Section  5.2.2. 1 . 

Color  discriminaticn  index  (CDI):  A measure  of  the  average  perceived  difference  between  the  colors  in  a standard  set  when 
viewed  under  a test  illuminant. 

Color  fields:  The  portir'n  of  the  visual  field  within  which  color  can  be  perceived,  the  field  for  any  given  color  being  smaller 
than,  and  roughly  concentric  with,  the  visual  field  for  white.  The  field  for  each  color  varies  greatly  with  variation  itt  such 
factors  ; s target  si/e.  saturation,  brightness,  and  contrast. 

Color  frame:  In  seciuential  color  TV  systems,  the  completion  of  one  scanning  cycle  througli  the  three  primaries  (three 
scanning  fields). 

Color  matching  function:  The  energy  lluxcs  of  the  three  chosen  primary  wavelengths  required  to  match  the  unit  energy 
flux  of  a given  monochromatic  test  wavelength.  Also  known  as  “spectral  tristimulus  values.’’ 

Color  picture:  In  sequential  color  TV  systems,  the  completion  of  two  color  frames  (six  scanning  fields).  See  also,  color 
frame. 

Color  preference  index  (CPI):  An  indication  of  the  degree  to  which  a set  of  colors  in  a standard  set  viewed  under  a test 
illuminant  provide  their  preferred  appearances;  i.e.,  red  “looks”  red. 

Color  rendering  index  (CRI):  A measure  of  the  degree  to  which,  under  specified  conditions,  the  perceived  colors  of  objects 
illuminated  by  the  source  conform  to  those  of  the  same  objects  illuminaied  by  a standard  source. 

Color  temperature:  The  temperature  of  a blackbody  radiator.  For  an  illuminant  that  is  not  a blackbody  radiator,  the 
“correlated"  color  temperature  is  the  temperature  of  a blackbody  radiator  that  yields  the  same  chromaticity. 

Color  wheel:  A system  of  hues  represented  on  a circle;  the  spectral  colors  in  their  original  order  arrmged  on  a circle,  with 
the  purple  hues  connecting  the  extremes  of  the  visible  spectrum. 

Coma;  An  oblique  mont  chromatic  aberration  of  an  optical  system  in  which  the  image  of  a point  off  the  optical  axis 
appears  comet-shaped. 

Comparator;  A device  used  to  measure  distance  on  imagery. 

Complementary  wavelength;  Tlie  wavelength  of  the  color  that  is  on  the  opposite  side  of  the  white  point  in  the  chromatic- 
ity diagram. 

Composite  video  signal;  A TV  signal  that  results  from  combini:ig  a picture  signal  with  the  synchionizing  signal;  the  TV 
signal  as  transmitted  from  a TV  station. 

Conductance;  The  inverse  of  the  measure  of  resistance  to  the  flow  of  electricity. 

Cone;  A type  of  photoreceptor  cell  in  the  retina  of  the  eye  involved  in  color  vision,  higlt  visual  acuity,  and  photopic  (day- 
liglit)  vision.  There  are  about  6 or  7 million  in  each  retina,  the  greatest  proportion  of  which  are  located  in  the  fovea. 

Cone  blindness  (see  congenital  total  color  blindness)  ' 

Congenital  total  color  blindness;  A rare  form  of  defective  vision  characterized  by  total  inability  to  discriminate  any  of  the 
ordinarily  differentiated  hues.  Presumably,  all  hues  are  seen  as  varying  shades  of  gray,  black,  or  white. 


Conjunctiva;  The  delicate  membrane  lining  the  eyelids  and  covering  the  anterior  (forward)  portion  of  the  eyeball. 


Contrast;  1.  The  difference  in  brightness  between  two  areas.  2.  Any  one  of  several  ways  of  mathematically  expressing  the 
difference  in  luminance  of  two  areas;  the  more  common  ways  are  defined  in  Figure  3.1-10. 


1 

Contrast  ratio;  See  Figure  .1-10.  i 

Contrast  threshold;  The  contrast  associated  with  the  minimum  luminance  difference  between  two  areas  which  can  be  per- 
ceived as  having  different  briglitnesses.  * 


Convergence  angle  (eye);  The  angle  between  the  two  visual  axes. 

Convergence  angle  (in  color  CRT’s):  The  angle  at  which  electron  beams  from  separate  color  guns  of  a color  CRT  display 
come  together  at  the  phosphor. 


/ 

/ 
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Convergent  stereo  photography  : Siereu  photography  collected  with  the  camera  axes  tilted  tr>  intersect  approximately  at 
tlte  object  being  plurtographed. 

Converging  disparity  ; Disparity  associated  with  an  rrbject  nearer  than  some  reference  object.  Also  known  as  "crossed 
disparity.’  Illustrated  in  Figure  5.1-2. 

Cornea;  The  transparent  anterior  (front)  portion  of  the  fibrous  coat  of  the  eye. 

Correlation;  A number  which  describes  the  closeness  of  association  of  two  variables;  the  range  is  from  -1  (an  exact  inverse 
relationship)  to  +1  (an  exact  relationship).  (More  properly,  the  ‘ coefficient  of  correlation.”)  The  most  frequently  used 
coefficient  of  correlation  i.s  the  Pearsonian,  or  prodnct-moinent. 

CPI  (see  color  preference  index) 

CRI  (see  color  rendering  index) 

Critical  angle:  In  optics,  that  angle  of  incidence  which  results  in  the  refraction  of  a ray  passing  from  one  medium  to 
another  at  an  angle  which  causes  tl\e  ray  to  travel  along  the  surface  between  I'le  two  media.  Any  angle  greater  than  the 
critical  angle  results  in  total  reflection. 

Critical  flicker  frequency  (see  CFF) 

Critical  fusion  frequency  (see  CFF) 

Crossed  disparity  (see  converging  disparity) 

CRT  (see  cathode  ray  tube) 

Crystalline  lens;  A semi-elastic  lens  located  between  the  aqueous  and  vitreous  humors  and  just  behind  the  iris.  Tltrougli  the 
action  of  the  ciliary  muscle,  this  tens  changes  curvature  and  thus  refractive  power  in  bringing  the  image  to  a focus  on  the 
retina  as  viewing  distance  changes. 

Cyclic  banding;  Cyclic  variation  in  line  spacing  in  CRT's  or  in  transparencies  generated  by  optical  line  scan  printers. 

Daily  noise  dose:  A recommended  limit  on  the  level  and  duration  of  exposure  to  noise. 
dB  (see  decibel) 

Dead  voltage;  Anode  potential  below  which  no  luminescence  is  produced  in  a CRT  phosphor. 

Decibel  (dB):  Ten  times  the  logarithm  to  the  bas.e  10  of  the  ratio  of  two  powe-s.  Defined  also  in  Section  6.6.2.  With  P] 
and  ?2  designating  two  amounts  of  power  and  n the  number  of  decibels  denoting  their  ratio,  n = 10  logig  (Pj/P2)  Wlien 
the  conditions  are  such  that  ratios  of  currents  or  ratios  of  voltages  (or  analogous  quantities  in  other  ficld^  are  the  square 
roots  of  the  corresponding  power  ratios,  the  number  of  decibels  by  which  the  corresponding  powers  differ  is  expressed  by 
the  following  equations: 


n = 20  logioflj/h) 
n = 20log|o(\  ;/V2) 

where  I1/I2  and  Vi/Vt  are  the  given  current  and  voltage  ratios  respectively.  By  extension,  these  relations  between  num- 
bers of  aecibels  and  ratios  of  currerds  or  voltages  are  sometimes  applied  where  these  ratios  are  not  the  square  roots  of  the 
corresponding  power  ratios;  to  avoid  confusion,  such  usage  should  be  accompanied  by  a specific  statement  of  this 
application. 

Deflection  angle:  In  a CRT,  the  angle  between  the  electron  beam  and  a line  between  the  last  element  of  the  electron  optics 
and  the  center  of  the  CRT  screen. 

Density:  The  logarithm  of  the  ratio  of  incident  to  transmitted  light.  Stated  another  way,  density  (D)  is  the  logarithm  of 
the  reciprocal  of  the  transmittance  (T); 

D = log  l/T=-log  T 
®10  10 

Depth  of  field:  The  variation  in  the  object  distance  of  a lens  or  an  optical  system  which  can  be  tolerated  without  incurring 
an  objectionable  lack  of  sharpness  in  focus.  The  greatest  distance  through  which  an  object  can  be  moved  and  still  produce 
a satisfactory  image. 

Depth  of  focus;  Same  as  depth  of  field  but  in  image  space. 

Detent;  In  a control,  a mechanism  that  causes  a noticeable  change  in  required  actuation  force,  or  which  tends  to  keep  a 
control  in  a fixed  position. 
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Deuieranomaly:  A t'orm  of  anomalous  trichromatism  in  which  an  abnormally  large  pioportion  of  grec-n  is  required  in  a 
mixture  of  red  and  green  liglit  to  match  a given  yellow.  In  the  green  to  red  region  of  the  spectrum,  hue  discrimination  is 
poor,  and  colors  appear  relatively  more  desaturated  to  the  deuteranomal  than  they  do  to  the  normal  trichromat,  leading  to 
confusirm  of  ligltt  tints  or  of  very  dark  shades  of  these  colors.  The  degree  of  the  defect  covers  a range  from  nearly  normal 
to  nearly  deuteranopic.  A sex-linked  hereditary  defect,  it  is  the  ntost  common  of  all  color  vision  deficiencies,  occurring  in 
about  5 percent  of  all  males  and  0.25  percent  of  all  females. 

Deuteranopia:  A form  of  dichromatism  in  which  relative  spectral  luminosity  does  not  differ  noticeably  from  normal,  but 
in  which  all  colors  can  be  matched  by  mixtures  of  only  two  primary  colors,  one  from  the  long  wavelength  portion  of  the 
spectrum  (yellow,  orange,  or  red),  the  other  from  the  short  wavelength  portiim  (blue  or  violet).  A neutral  point  (colorless 
or  white)  occurs  at  a wavelength  of  about  4‘>7  nm,  and  it  is  in  this  region  that  hue  discrimination  is  best.  Light  of  shorter 
wavelengths  appears  blue;  of  longer  wavelengths,  yellow,  with  saturation  increasing  toward  the  ends  of  the  spectrum.  Thus, 
red,  orange,  yellow,  and  green  cannot  be  differentiated  when  their  brightness  and  saturations  are  made  equal.  Similarly, 
blue,  violet,  and  blue-purple  differ  only  in  briglitness  and  saturation,  but  not  in  hue.  It  is  a sex-linked  hereditary  defect  and 
occurs  in  about  1 percent  of  all  males  and  only  rarely  in  females. 

Dichroic:  Producing  two  different  colors;  associated  with  different  directions  of  transmission  of  light,  different  directions 
of  viewing,  different  thicknesses  or  concentrations  of  the  transmitting  substance,  differences  between  color  of  transmitted 
and  reflected  iiglit. 

Diciiromatism:  A form  of  defective  color  vision  requiring  only  two  primary  colors,  mixed  in  various  proportions,  to  match 
all  other  colors.  The  spectrum  is  seen  as  comprised  of  only  two  regions  of  different  hue  separated  by  an  achromatic  band. 
Dichromatism  may  occur  as  protanopia.  deuteranopia.  tritanopia,  or  some  irregular  form  such  as  tetartanopia. 

Differentii'l  encoded  PCM;  A teclinique  of  digital  transmission  in  which  the  change  in  signal  level,  and  not  the  level  itself  is 
transmitted.  (See  also  pulse  code  modulation.) 

Differential  gain  (TV);  The  difference  between  the  ratio  of  the  output  amplitudes  of  a small  higlt-frequcney  sine-wave 
signal  and  unity  at  two  stated  levels  of  a low  frequency  signal  on  wlrich  it  is  superimposed.  In  this  definition,  level  means  a 
specified  position  on  an  amplitude  scale  applied  to  a signal  waveform. 

Differential  phase  (TV);  The  difference  in  output  phase  of  a small  high-frequency  sine-wave  signal  at  the  two  stated  levels 
of  a low-frequency  signal  on  which  it  is  superimposed. 

Differential  pulse  code  modulation  (sec  differential  encoded  K'M) 

Diffraction;  The  tendency  of  light  to  deviate  from  a straiglit  line  path  in  an  isotropic  medium.  In  complete  wavefronts, 
this  tendency  is  canceled  through  mutual  effects  of  the  ncigliboring  points  on  the  wavefront.  At  the  edge  of  a wavefront, 
as  when  a wavefront  passes  by  an  edge  or  througli  a sL..  the  canceling  effects  are  eliminated  on  one  side  and  the  wavefront 
at  that  point  bends  in  the  direction  of  the  removed  portion  of  the  wavefront. 

Diffraction  limited  display;  A display  in  which  the  image  quality  is  not  reduced  beyond  the  limit  set  by  diffraction.  This 
limit  is  considered  in  Section  3.3.2. 

Digital  system;  A system  that  operates  on  the  basis  of  discrete  numerical  techniques  in  which  the  variables  are  represented 
by  coded  pulses  or  discrete  states. 

Diopter;  1.  A unit  expressing  two  equivalent  (ar.  i identical)  quantities  for  a bundle  oflight  rays.  These  are  first,  the  verg- 
ence,  or  angular  relationship  between  the  rays,  with  diopters  being  the  reciprocal  of  the  distance  to  the  point  of  inter- 
section of  the  rays,  the  distance  being  in  meters;  and  second,  the  reciprocal  of  the  radius  of  curvature  of  the  wavefront, 
with  the  radius  being  in  meters.  (For  diverging  liglit  rays,  vergence  in  diopters  will  be  positive,  and  for  converging  rays  it  is 
negative.)  Wlien  used  in  this  sense,  the  diopter  is  a useful  unit  for  expressing  the  distance  to  an  object  being  viewed  because 
it  indicates  the  amount  of  eye  accommodation  required  to  focus  the  object  on  the  retina.  Also  see  the  discussion  in  Figure 
3.6-1 . 2.  The  refractive  power  of  a lens,  expressed  as  the  reciprocal  of  the  lens  focal  length  in  meters.  3.  See  prism 
diopter. 

Dioptric  power:  The  vergence  power  of  an  optical  system. 

Diplopia;  The  condition  in  which  a single  object,  or  the  haplostopically  presented  equivalent  of  a single  object,  is  per- 
ceived as  two  objects  rather  than  as  one;  double  vision. 

Discontinuous  phosphor;  A CRT  tube  coating  where  the  phosphor  is  applied  to  the  faceplate  in  stripes  or  in  a matrix 
rather  than  in  a continuous  coat. 

Disparity;  Defined  in  Section  3.7.1. 
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Displacement  joystick:  A joystick  control  in  wliicli  the  output  signal  varies  with  tlie  position  of  the  control.  (( Ompare 
witli  ■ isometric  joystick.”) 

Display  Contrast  Ratio  (see  contrast  ratio) 

Display  field;  The  fielil  of  view,  measured  in  terms  of  visual  angle,  as  defined  by  the  edges  or  limits  of  an  image  display. 

Distortion;  1 . An  aberration  resulting  from  unequal  magnification  of  object  points  not  on  the  optical  axis  ol  a line 
svstem.  Barrel  distortion  is  produced  by  decreasing  magnification  with  increasing  distance  of  object  points  from  the 
axis  of  an  optical  system.  With  this  distortion,  the  corners  of  tire  image  of  a square  are  closer  to  the  center  than  ex- 
pected, with  a resulting  barrel-shaped  appearance.  Pincushion  distortion  results  from  increasing  magnification  with 
increasing  distance  of  object  points  from  the  axis  of  an  optical  svitem.  With  this  distortion,  the  corners  of  the  image 
of  a square  are  farther  from  the  center  than  expected,  with  a resulting  pincushion  appearance.  2.  Any  change  in  which 
the  image  does  not  conform  to  the  shape  of  the  object,  such  as  when  viewed  through  a cylindrical  lens. 

Dither;  The  addition  of  a high  frequency  . low  amplitude  noise  or  square  wave  pulse  to  a signal  being  quantized.  The  effect 
is  to  "blur”  edges  and.  for  low  levels  of  quantization,  to  improve  the  subjet;tive  quality  of  the  image. 

Diverging  disparity:  Disparity  associated  with  an  object  farther  away  than  some  reference  object.  Also  known  as 
“uncrossed  disparity.”  Illustrated  in  Figure  5.1-2. 

Dominant  wavelength;  The  spectral  wavelength  which,  on  proper  mixing  with  white,  will  match  a given  sample  of  color. 

Dot  interlacing;  A method  of  placing  dots  on  a television  screen  to  form  the  complete  picture.  During  the  first  scanning  of 
each  line,  the  dots  are  separated  by  one  or  more  dot  widths,  and  on  the  following  scans  of  the  line,  the  dots  are  placed  to 
fill  tlie  spaces  in  between. 

Dot  pattern;  The  pattern  of  locations  (dots)  exposed  or  energized  in  the  display  or  printing  of  an  image  formed  by  a two- 
dimensional  sampling  system. 

Dwell  time:  In  a TV  camera  or  CRT,  the  time  the  electron  beam  spends  on  a given  screen  loc;jtion. 

Dynamic  convergence:  A means  whereby  the  three  beams  in  a color  televi  ;1  picture  tube  are  caused  to  maintain  correct 
convergence  over  the  entire  face  of  the  tube  by  use  of  electromagnetic  fields  modulated  by  waveforms  occurring  at  the 
horizontal  and  vertical  rates. 

Dynamic  focusing;  The  process  of  varying  the  focusing  electrode  voltage  for  a color  picture  lube  automatically  so  the 
electron-beam  spots  remain  in  focus  as  they  sweep  over  the  flat  surface  of  the  screen. 

Dynamic  range;  The  difference,  in  decibels,  between  the  overload  level  and  the  minimum  acceptable  signal  level  in  a sys- 
tem or  transducer.  This  minimum  is  ordinarily  fixed  by  one  or  more  of  the  following;  noise  level,  low  level  distortion, 
interference,  or  resolution  level. 

Dynamic  visual  acuity;  Visual  acuity  measured  with  a moving  taigel. 

Echo;  A reflection  of  a transmitted  television  picture,  appearing  as  a “gltost”  on  the  screen  of  a monitor  or  receiver. 

Edge  sharpening:  An  image  manipulation  technique 'in  which  edges  and  lines  arc  narrowed  or  made  more  distinct. 

Effective  temperature  (ET);  A measure  which  combines  temperature  with  relative  humidity  and  other  factors  related  to 
comfort.  Used  in  Section  7.4. 

Effectivity  ratio:  An  expression  for  the  ratio  between  effective  pupil  area  and  true  pupil  area,  effective  pupil  area  being  a 
figure  wl’.ich  takes  into  account  the  Stiles-Crawford  phenomenon. 

Electromagnetic  spectrum:  The  total  range  of  frequencies  or  wavelengths  of  electromagnetic  radiant  energy,  extending 
from  the  longe‘‘t  radio  waves  to  the  shortest  known  cosmic  rays. 

Electron  beam:  A narrow  stream  of  electrons  moving  in  the  same  direction  under  the  influence  of  an  electric  or  magnetic 
field. 

Electron  gun:  An  electrode  structure  that  produces,  and  may  control,  focus,  deflect,  and  converge  one  or  more  electron 
beams  in  an  electron  lube. 

Electro-optical  imagery  display:  A display  in  which  information  in  the  form  of  an  electronic  signal  is  converted,  by  elec- 
tronic and  optical  means,  to  an  image. 

Emmetropia:  Tlie  visual  condition  wherein,  at  minimum  eye  accommodation  (minimum  eye  refractive  power)  an  object 
at  infinity  is  in  focus  on  the  retina.  Also  called  “normal  vision.” 
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Empty  magnirication:  lypically,  any  value  in  excess  of  1000  limes  the  numerical  aperture  (NA).  In  a more  general  sense, 
any  increase  in  magnification  which  does  not  result  in  an  increase  in  what  the  user  can  see.  Discussed  in  Section  3.3.2. 

Entrance  pupil:  The  image  of  the  aperture  slop  formed  by  the  portion  ol  an  optical  system  on  the  object  side  of  the  stop. 

Errors  of  commission:  Reports  of  targets  where  they  do  not  exist  or,  in  some  studies,  misidentifying  one  type  of  target  for 
another. 

Errors  of  omission:  Failure  to  report  existing  targets. 

Erythema:  Redness  of  the  skin  (congestive  or  exudative)  caused  by  hyperemia  (excess  of  blood  in  a part).  Typically  seen, 
for  example,  in  response  to  excessive  exposure  of  the  skin  to  ultraviolet  radiant  energy. 

Esophoria:  Tlie  inwaid  turning,  or  the  amount  of  inward  turning,  of  the  two  eyes  relative  to  each  other  as  manifested  in 
the  absence  of  a fusion  stimulus,  or  when  fusion  is  made  impossible,  such  that  the  lines  of  siglit  cross  at  a point  in  front  of 
and  nearer  to  the  eyes  than  a given  point  of  reference,  this  point  of  reference  usually  being  the  point  of  binocular  fixation 
prior  to  the  phoria  test  or,  more  arbitrarily,  at  an  infinite  distance.  Also  see  Figure  3 " 30. 

ET  (see  effective  temperature) 

Exit  pupil:  The  image  of  the  aperture  stop  formed  by  the  portion  of  an  optical  system  on  the  image  side  of  the  stop.  Illus- 
trated for  one  type  of  optical  system  in  Figure  3.6-1. 

Exophoria:  The  divergent  turning,  or  the  amount  of  divergent  turning,  of  the  two  eyes  relative  to  each  other  as  manifested 
in  the  absence  of  a fusion  stimulus,  or  when  fusion  is  made  impossible,  such  that  the  lines  of  siglit  cross  at  a point  behind 
the  eyes  or  at  a point  in  front  of  the  eyes  beyond  a given  point  of  reference,  this  point  of  reference  usually  being  the  point 
of  binocular  fixation  prior  to  the  phoria  test  or,  more  arbitrarily,  at  an  infinite  distance.  Also  see  Figure  3.7-30. 

Eyepiece:  The  lens  or  a combination  of  lenses  in  a telescope,  microscope,  or  other  optical  instrujnent  to  which  the  human 
eye  is  applied  in  order  to  view  the  image  formed  by  the  objective  system. 

Eye  pupil:  The  aperture  formed  by  the  iris  of  the  eye.  See  Figures  3.1-1  and  -7. 

Eye  relief:  The  distance  between  the  last  mechanical  surface  and  the  exit  pupil  in  an  optical  instrument. 

Faceplate:  The  front  transparent  elements  of  a CRT. 

Far  point  (of  the  eye):  Image  distance  for  which  the  eye  is  focused  when  accommodation  (refractive  power  of  the  eye)  is 
at  a minimum.  In  an  emmetrope,  the  far  point  is  at  infinity. 

fc  (see  footcandle) 

Field  (in  CRT  displays):  One  of  the  equal  parts  into  which  a television  frame  is  divided  in  an  interlaced  system  of  scanning. 
One  vertical  scan,  containing  many  horizontal  scanning  lines,  is  generally  termed  a field. 

Field  curvature:  An  aberration  of  refractive  and  reflective  optics  wherein  a curved  image  surface  results  from  a plane 
object,  due  to  each  object  point  being  a different  distance  from  the  refracting  or  reflecting  surface. 

Fixation  point:  The  point  in  space  to  which  one  or  both  eyes  are  consciously  directed.  In  normal  vision  its  image  is  on  the 
fovea. 

fl : (see  footlambert) 

Flash  (in  phosphors):  A high  level  of  luminance  associated  with  the  fluoiescence  of  a phosphor  during  excitation. 

Flat  field  (luminance):  A CRT  display  in  which  all  lines  (or  spots)  are  driven  by  an  equal  c constant  signal  strength  elec- 
tron beam  or  beams. 

Flat  field  ripple  modulation  (CRT):  The  variations  in  luminance  caused  by  overlapping  of  the  line  spread  functions  when 
the  frames  are  scanned  with  a beam  of  uniform  current  Tire  variations  approximate  a sine  wave  distribution  for  most  com- 
mon line  spacings. 

Flicker:  Perceptible  temporal  variation  in  luminance. 

Fluoresce  (in  CRT's):  Emitting  light  as  the  result  of  the  excitation  of  the  phosphor  by  the  electron  beam. 
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Fluoresce  (in  ihe  eye):  Tlic  emitting  ut'ligli!  hy  parts  of  the  eye.  such  as  the  aqueous  humor  or  lens,  as  a result  of  excita- 
tion h\  rauiaiH  enerey  of  a (lilTorem  wavelength.  The  most  common  excitatory  wavelength  region  is  tire  near  ultraviolet. 

Fluorescence:  hmission  o!  electromagnetic  radiation  that  is  caused  hy  the  How  of  some  form  of  energy  into  the  emitting 
body  and  whicli  ceases  abruptly  when  die  excitation  cea::es.  In  CRT's,  tluorescence  is  in  the  form  of  liglit  generated  by. an  ■ 
electron  beam  striking  a phospl.or-coated  surface. 

Flying  spot:  \ moving  spot  of  liglit  used  to  scan  an  image  or  transparency,  the  int>Misity  of  the  transmitted  or  reflected 
light  being  sensed  In  a photoelectric  transducer. 

\ Focus  control:  ,\n  adjustment  for  bringing  the  election  beam  of  a camera  pickup  tube  or  picture  tube  to  a muiitmim  si/e 

spot,  producing  the  sharpest  image.  Also  the  control  used  to  vary  the  position  of  lenses  in  an  optical  device  relative  to  the 
object. 

Focusing  coils:  An  assenilily  producing  a magnetic  field  for  focusing  an  electron  beam. 

Focal  point:  T he  point  of  intersection  on  the  axis  of  an  optical  system  of  those  light  rays  that  either  enter  or  exit  the  sys- 
tetn  parallel  to  the  axis.  The  anterior  t'ocal  point  is  the  point  of  iniersecpon  for  those  rays  that  exit  the  system  parallel, 
and  the  posterior  focal  point  is  the  point  of  intersection  for  the  rays  that  enter  parallel. 

Footcandle  (fc):  A unit  of  illu.jninaiion  equal  to  uniformly  distributed  flux  of  1 lumen  per  ft".  Other  units  and  conver- 
sion factors:  I lux  [luinLu'nr)  = 0.0‘>2‘)  fc,  1 iiuicnuiidk  = 0 (ftid  fc;  I phot  = fc. 

■y 

Fuullambert  (fL):  A unit  of  luminance  equal  to  l/;r  candela  per  ft"  or  to  the  average  luminance  of  a surface  emitting  or 
reflecting  light  at  the  rate  of  one  lumen  |ier  ft-.  The  average  luminance  of  any  reflecting  surface  in  footlamherls  is  the 
product  of  the  illumin  ilioit  in  footcandles  and  the  reflectance  of  the  surface.  Symbol:  fl..  Other  units  and  conversion 
iactors:  1 millilunihirt  = 0.-)2')  fL;  I iiilh  (candela  per  cut")  = 2‘)1‘)  fL;  I lanjela  per  lT~  = 3.142  fL;  1 nil  (candela 
per  ill")  = 0 2‘)1<)  fL;  1 upouilh  = 0.0) 2‘>  I'L. 

Fov“a:  small  pit  in  the  center  of  the  retina  in  which  the  density  of  photoieceptors  is  greatest  and  which  controls  percep- 

tion of  fine  detatl. 

Foveal  vision;  Vision  achieved  by  looking  directly  at  objects  so  that  the  i nage  falls  on  or  near  the  fovea. 

Frame  (CRT);  One  coniplete  scan  of  the  image  area  by  the  electron  beam.  A frame  may  consist  of  several  fields. 

Frame  rate  (CRT):  The  number  of  fratnes  produced  per  second; expressed  in  Herl/  (H/), 

Gamut  (color):  The  range  of  colors  that  can  be  obtained  with  a particular  set  of  primaries  or  materials, 

Gaussian  distribution  (see  normal  frequency  distribution) 

Ghost  image  (CRT):  A spurious  image  resulting  from  an  echo  in  the  transmission  of  a video  signal. 

Glare:  Relatively  briglit  light,  or  the  da//ling  sensation  of  relatively  briglit  light,  which  produces  unpleasantness  or  discom- 
fort, or  which  interferes  with  optimal  vision. 

Glossiness  (as  a dimension  of  color);  An  attribute  of  the  appearance  of  a surface  dependent  upon  the  type  and  the  amount 
of  reflection.  Low  glossiness  is  charactcri.stic  of  rough  diffusing  surfaces  and  higli  glossiness  of  smooth  surfaces  that  give  a 
shiny  or  lustrous  effect 

Grain:  The  developed  silver  particles  in  a photographic  image. 

Grating;  A set  of  parallel  bars,  usually  of  equal  width;  illustrated  in  Figure  3.1-1 1.  (A  grating  can  also  consist  of  two  sets  of 
. parallel  bars  arranged  crosswise  to  each  other  to  form  a latticework.  Such  a configuration  is  seldom  used  in  visual  science.) 

Gray:  A color  that  is  achromatic,  or  without  hue,  and  which  ranges  from  white  to  black. 

Gray  scale:  A series  of  achromatic  tones  having  varying  proportions  of  white  and  black  to  give  a full  range  of  grays 
between  white  and  black.  These  are  usually  regularly  spaced  with  regard  to  reflectance  or  transmittance,  and  can  be  in 
either  linear  or  log  steps. 

Gray  scale  color  coding:  Assigning  colors  to  selected  transmittance  levels  in  black-and-white  imagery  to  improve  the 
detection  of  contrast  levels.  Also  called  pseudocolor  encoding. 

Ground  distance  per  line  pair:  The  distance  on  the  ground  corresponding  to  a line  pair  (bar  and  space)  of  a resolution  tar- 
get on  the  image.  Ground  distance  per  line  pair  equals  scale  factor  (1/scale)  times  line  pair  image  d';nension. 

Halation  (CRT);  An  annular  .area  suriounding  a spot  that  is  due  to  the  light  emanating  from  the  spot  being  reflected  from 
the  front  and  rear  sides  of  a ('RT  faceplate. 

Head-up  display  (HUD):  .A  display  which  permits  the  observer  to  view  it  without  restricting  his  view  of  the  rest  of  the 
visual  field.  An  example  would  be  the  projection  of  information  on  a combining  glass  with  collimated  liglit  to  an  airplane 
pilot  who  wants  to  maintain  his  view  out  of  the  window. 

High  order  (CRT  interlace  system';  An  interlace  system  in  which  more  than  two  fields  are  employed;  e.g.,  3:1.4: 1 
interlace. 
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Hori/unlul  aperture  e<|uali/aliuii  (see  j[>orture  ei|uali/alion) 

Hurizuntal  resolution  (CRT):  Tlie  mimber  ol' individual  picture  eleinenls  tlial  can  he  dislintniished  in  a horizontal  scanning 
line  within  a distance  equal  to  the  picture  height.  .See  Hgure  4.1-ti. 

Horizontal  retrace  (CRT'.  Return  ot'  the  electron  heani  to  the  start  ot  the  next  line  of  the  field  being  written  in  the  CRT  . 
HUD  (see  head-up  display) 

Hue:  The  attrihule  of  color  sensa.ion  ordinatily  coirelated  with,  wavelength  or  comhinations  of  wavelengths  of  the  visual 
stimulus  and  distinguished  from  the  altrihules  hrightness  and  saturation. 

Hyperopia:  The  visual  condition  wheiein.  at  minimum  eye  accommodation  (minimum  eye  refractive  power)  an  ohject  at 
infinity  is  focused  hehind  the  retina.  Some  individuals  with  this . mdition  will  accommodate  in  order  to  focus  on  objects 
at  infinity  while  others  will  require  a positive  corrective  lens.  Also  known  as  farsightedness  or  hypermetropia. 

Hyperphoria:  Synonymous  with  vertical  phoria. 

ibS  I see  Illuminating  h.ngineetmg  Societ>  ) 

Illuminance:  Hie  photometric  term  for  the  intensive  property  of  the  luminous  lliix  passing  through  a cross  section  of  a 
beam  or  falling  on  a surface;  the  density  of  lumim>us  Ilux  incident  on  a surlace  It  is  the  quotient  of  the  luminous  flux 
divided  by  the  area  of  the  surface  when  the  llux  is  unifoimly  dlstrlbuied.  Common  units  are  lumen  per  fi-  ( 'ootcaiidle) 
or  per  m2  (lux,  metercandle). 

Il'uminance  sensor;  IX’lined  in  Section  .C2. 1. 

Illuniinants  A,  B,  or  C:  1 iglit  sources  having  specified  spectral  distributions,  adopted  by  the  CIL  in  l‘)d  I as  international 
standards  in  colorimetry.  A is  a tungsten  lamp  operated  at  a color  temperature  of  2Ss4‘’  K and  approximates  a blackbody 
operating  at  that  coloi  temperature,  b is  illuininant  ,-\  in  combination  with  a specified  filler  and  approximates  nooti  sun- 
light, having  a color  tetnperature  of  4b00"  Is  or  a blackbodv  operating  at  that  color  temperature.  ('  is  illuininant  A In  com- 
bination with  a specified  filler  and  approximates  daylight  provided  by  a combination  of  direct  sunlight  and  clear  sky. 
having  a color  temperature  of  approximately  (isl)')*'  K. 

Illuminating  Engineering  Society:  A technical  association  dedicated  to  the  collection  and  dissemination  of  information  on 
good  ligliting  practices. 

Image:  I . In  general,  a likeness,  a copy,  a replica,  a symbol,  or  a men'al  reprcsenlalion  of  an  object.  2.  Tlie  optical 
counterpart  of  an  object  produced  by  a lens,  a mirror,  or  other  optical  system.  3.  The  perceived  counterpart  of  a viewed 
object  subjectively  projected  in  visual  ..pace,  (f'or  a discussioi;  of  Imw  the  term  image  is  used  in  this  handbook,  see  t'le 
introduction  to  Section  3.0.) 

Image  curvature:  I . The  apparent  curvature  of  the  image  seen  in  a display.  In  Section  3.4.5  it  is  suggested  that  in  many 
cases  the  image  appears  curved  because  of  distortions.  2.  Image  curvature  is  sometimes  used  synonymously  with  field 
curvature. 

Image  defects  (CRT):  Degradation  in  image  quality  caused  by  improper  operation  of  eqii'pment  or  by  transmission 
difficulties. 

Image  distance;  The  distance  to  the  image  as  seen  by  the  display  user.  Defined  in  the  introduction  to  Section  3.6  and  in 
Figure  3.6-1.  Image  distance  is  frequently  expressed  in  diopters  (the  reciprocal  of  the  distance  in  meters). 

Image  orthicon;  A camera  tube  in  whicl  an  electron  image  is  produced  by  a photo-emitting  surface  and  focused  on  a 
separate  storage  target,  which  is  scanned  on  its  opposite  side  by  a low-velocity  electron  beam 

Image  quality  (of  a display):  Tlie  extent  to  which  a displayed  image  duplicates  the  information  contained  in  the  imagery 
(object)  in  a form  suitable  for  viewing  by  the  interpreter 

Image  spaee;  The  space  occupied  by  the  image.  For  explanation  of  its  importance  in  optical  systems;  see  Figure  3.6-1 . 

Imagery  (reconnaissance);  A representation,  usually  in  the  finm  of  a permanent  record  on  a material  such  as  film  or  mag- 
netic tape,  of  some  aspect  such  as  reflectance  of  a ground  scene.  (For  a discussion  of  how  the  tein:  imagery  is  used  in  this 
handbook,  sec  the  introduction  to  Section  3.0.) 

Imagery  scale  (see  photographic  scale) 
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Index  of  refraction,  relative  and  absolute:  The  index  ol  refraction  is  the  ratio  of  the  speed  of  light  in  vacuiiin,  air,  or  other 
niediiim  of  lelerence,  to  the  speed  of  light  in  a given  niediuin,  obtained  by  Snell's  law  as  the  ratio  of  the  sine  of  the  angle 
of  incidence  to  the  sine  of  the  angle  of  refraction,  and  usually  designated  by  the  letter  n.  1 he  index  of  relative  refraction  is 
the  ratio  of  the  speed  of  light  in  a inediuni  of  reference  other  than  vacuum  to  the  speed  of  liglit  in  a given  medium.  Tlie 
index  of  absolute  refraction  is  tlie  ratio  of  the  speed  of  liglit  in  vacuum  to  the  speed  of  light  in  a given  medium. 

Infrared:  Radiant  energy  in  the  wavelength  range  of  about  760  nm  to  10“’  nm  ( linni).  The  wavelength  region  between 
visible  and  microwave  radiant  energy. 

Instrument  myopia:  A tendency  to  focus  an  image  in  a microscope  at  a distance  considerably  closer  than  infinity. 

Interlace  (CRT):  A scanning  process  in  which  the  distance  from  center  to  center  of  successively  scanned  lines  is  two  or 
more  times  the  nominal  line  width,  and  in  which  the  intervening  lines  are  scanned  during  subsequent  fields. 

Interline  flicker  (sec  small  field  flicker) 

Interlock;  A device  or  arrangement  by  means  of  which  the  functioning  of  one  part  is  controiied  by  the  functioning  of 
another,  as  for  safety. 

Intermediate  image:  An  image  before  the  final  image  perceived  by  the  display  user.  In  a compound  microscope,  the  image 
of  the  object  (imagery)  formed  by  the  objective  lens  approximately  at  the  focal  point  of  the  eyepiece. 

Interpupillary  distance:  The  distance  between  the  centers  of  the  pupils  of  the  eyes.  Unless  otherwise  specified,  it  refers  to 
the  distance  when  the  eyes  are  fixated  on  an  object  at  infinity,  so  that  the  eye  convergence  angle  is  zero. 

Inverted  stereo:  The  image  obtained  when  the  two  photos  in  a stereo  pair  are  interchanged,  or  rotated  180  degrees,  so  that 
the  direction  of  the  disparity  is  reversed.  Discussed  in  Figure  5.1-6. 

IPD  (see  interpupillary  distance) 

Iris;  Tlie  circular  pigmented  membrane  located  on  the  anterior  (front)  surface  of  the  lens  of  the  eye  and  which  forms  the 
eye  pupil. 

Isomeric  colors;  Colors  of  identical  spectrophotometric  composition  and  chromaticity.  Contrasted  with  metamcric  colors 
in  Section  5. 2. 1.6. 

Isometric  joystick:  A joystick  control  which  is  essentially  fixed  in  position  and  in  which  the  output  signal  varies  with  the 
force  exerted  on  the  joystick  by  the  operator.  Also  known  as  a “force  joystick.”  (Compare  with  “displacement  joystick.”) 

Jitter;  Small  deviations  in  the  size  or  position  of  the  elements  of  a repetitive  display.  Freii'iently  caused  by  faulty  mechani- 
cal and  electronic  systems.  Generally  continuous,  but  may  be  random  or  periodic. 

j.n  d.  (see  just  noticeable  difference) 

Judged  image  quality:  A subjective  assessment  of  image  quality  performed  by  human  observers  in  terms  of  some  pre- 
established  criterion.  Objective  measures  of  image  quality  employ  physical  measures  or  measure  performance  on  a 
relevant  task;e.g.,  target  identification. 

Jump  scan  (CRT):  A scanning  method  whereby  the  electron  beam  “jumps”  from  one  phosphor  point  to  another  point  as 
opposed  to  continuously  sweeping  on  a line  by  line  basis. 

Just  noticeable  difference:  The  least  difference  in  value  between  two  stimuli  which,  in  a given  individual,  gives  rise  to  two 
different  sensations;  or  which  gives  rise  (statistically)  to  a perceived  difference  as  often  as  it  does  not. 

Just  perceptible  difference  (see  just  noticeable  difference) 

Kell  factor:  The  factor  by  which  the  number  of  active  TV  lines  are  multiplied  to  give  an  estimate  i f the  actual  vertical 
resolution.  It  can  be  applied  to  other  one-dimensional  sampling  systems  as  well.  The  factor  is  always  less  than  1 due  to  the 
effect  of  the  sampling  process. 

Kelvin  scale:  A temperature  scale  in  which  the  triple  point  (freezing  point)  of  water  is  273  degrees  and  the  boiling  point  of 
water  is  373  degrees. 

Keratoconjunctivitis  (see  photokeratitis) 

Lag  (TV  cameras):  In  TV  cameri'  tubes,  a persistence  of  the  electrical  charge  image  for  a small  number  of  frames. 

Lambertian  radiator:  A radiator  in  which  the  intensity  of  emitted  light  is  a function  of  the  cosine  of  the  angle  a given  ray- 
makes  with  a line  perpendicular  to  the  surface  of  the  radiator. 


Landolt  ring:  An  incomploto  ring,  similar  to  the  letter  C in  apneai.inee.  nsed  as  a lest  object  for  visual  aciiily . The  widlli  of 
the  ring  and  the  break  in  its  coniimiity  aie  each  one  filih  ot  its  over-all  diameter.  The  break  or  gap  is  placed  in  different 
meridional  positions  with  its  hvation  to  he  identified  by  the  observer  as  evidence  of  its  perception.  The  visual  angle  is 
lepresented  by  the  subtensi.  of  the  gap  at  the  eye.  Illns'rated  in  I'igure  .Tl  -V. 

Large  field  flicker  (CRT):  f'licker  appearing  over  all  or  siibstantialiy  all  portions  of  the  CRT  tube  face. 

Laser  beam  recorder:  A variety  of  line-scan  image  generator  using  a laser  beam  to  expose  the  liltn. 

Lateral  alignment:  The  cottvergence  angle  or  angle  between  the  visual  axes,  necessary  for  the  display  user  to  fixate  on 
corresponditig  points  in  the  two  images. 

Lateral  disparity:  IX'fitied  in  Section  7.-1. 4. 

LBR  (see  laser  beam  recorder) 

Lens  (of  the  eye)  (see  crystalline  lens) 

Light:  I . Radiant  eneigy,  approximately  between  .180  and  7b0  nm,  that  gives  rise  to  the  sensation  of  vision  on  stimulating 
the  retina.  2.  The  sensation  of  vision  produced  by  stimulating  the  retina. 

Light  pen:  A tiny  photocell  or  photomultiplier,  mounted  with  or  without  fiber  or  plastic  light  pipe  in  a pen-shaped  hous- 
ing; it  is  held  against  a cathode  ray  screen  to  make  measurements  from  the  screen  or  to  change  the  status  of  the  display. 

Lightness:  An  attribute  of  object  erdors  whereby  they  can  be  rated  on  an  achromatic  scale  from  black  to  white  for  surface 
colors,  or  frotn  black  to  colorless  for  transparent  spatial  colors.  It  itnplies  a direction  ott  the  scale  opposite  to  tlial  implied 
by  darkness.  Also  see  Figure  .‘i.2-1. 

Limiting  aperture:  The  aperture  in  a system  which  serves  to  define  cither  the  diffraction  limit  atid/or  the  field  si/e. 

Line  crawl  (CRT):  A subjective  effect  in  which  interlaced  raster  lines  appear  to  move  either  up  or  down  the  itnage  frame. 

In  addition  to  the  necessary  innucnce  of  an  interlaced  raster  structure,  the  occurrence  (sf  line  crawl  also  depends  upon  line 
luminance  and  the  visual  atiglc  subtended  by  adjacent  lines. 

Line  frequency  (TV);  The  number  of  times  per  second  that  a fixed  vertical  line  in  the  picture  is  crossed  in  one  direction  by 
the  scantling  spoi.  Scanning  duritig  vertical  return  intervals  is  counted. 

Line  luminance  (CRT);  The  luminance  of  a scan  line  averaged  over  its  area. 

Line  number  (TV);  I.  The  total  nutnher  of  line  scan  periods  per  TV  fratne.  Not  all  of  these  periods  are  used  to  scan  the 
image  (iti  the  camera)  or  the  phosphor  (in  the  CRT),  a portion  are  used  in  vertical  retrace.  2.  The  sequential  numbering  of 
the  active  TV  lines  on  the  sensor  or  phosphor  surface. 

Line  pairing  (TV):  In  television,  itnperfect  spatial  interlace  of  the  littes  cotnposing  the  two  fields  of  one  frame  of  the  pic- 
ture. Tlte  lines  from  one  field  do  not  lie  precisely  between  the  lines  from  the  second  field. 

Line  raster  system:  An  electro-optical  system  where  the  image  or  scene  is  scanned  on  a line  by  line  basis  (one-dimensional 
sampling). 

Line  scan  period;  Tlie  length  of  time  between  the  start  of  writing  for  two  successive  TV  lines  in  a field;  i.e.,  the  active  por- 
tion plus  horizontal  retrace  time. 

Line-scan  transparency:  A film  transparency  (image)  produced  by  successive  exposure  on  a line  by  line  basis. 

Line  spread  function;  A ma'lrematical  description  of  the  distribution  of  light  across  the  image  of  an  infinitesimally  narrow 
briglit-line  object.  In  TV  cameras  and  t RT’s,  the  mathematical  description  of  t!ic  distribution  ofeurrent  across  a scan  line, 
or  for  CRT’s  the  distribution  of  luminance  across  a scan  line. 

Linear  interpolation;  A mathematical  function  used  to  calculate  the  signal  level  at  a point  between  two  known  points 
under  the  assumption  that  the  three  points  lie  on  a straight  line. 

Long-ptiSistence  phosphor:  A phosphor  which  emits  light  for  a relatively  long  time  due  (o  phosphorescence  (persistency 
of  100  ntsec  to  1 sec).  Very  long  persistence  phosphors  are  those  having  emittance  limes  of  1 second  or  greater. 

Luminance:  Luminous  (lux  per  unit  of  projected  area  per  unit  solid  angle  cither  leaving  or  arriving  at  a surface  at  a given 
point^and  in  a given  diiection.  Formerly  known  al.so  as  brightness.  Common  units  are  nils  (candela  per  square  meter,  or 
cd/m‘^),  footlamberts  (fL)  and  millilainberls.  (Conversion  factors  appear  in  Figure  .1.2-14.) 

Luminance  gradient : A change  in  luminance  over  distance.  The  rale  of  change  in  luminance  over  distance. 


Luminance  sensor:  A device  for  measuring  luminance.  Illusiruted  in  Section  .1.2.1. 

Luminosity  curve  (sec  luminosity  I'uncliont 

Luminosity  function:  The  relative  hriglitncss-producing  capacity  of  liglit  of  different  wavelengths  measured  hy  the  recipro- 
cals of  the  amounts  of  radiant  flux  required  at  each  wavelength  region  to  prouuce  the  same  brightness.  Illustrated  in  Figure 
.1.2-2. 

Luminous  efficiency  (of  phosphors):  The  ratio  of  the  energy  emitted  by  a phosphor  (in  the  form  of  ultraviolet,  visible  and 
infrared  radiation)  to  the  energy  in  the  exciting  beam.  Also  dellncd,  in  a more  restricted  sense,  as  the  ratio  of  the  energy  of 
the  visible  light  output,  weighted  for  the  luminosity  curve,  to  the  electron  energy  of  the  input. 

Luminous  flux:  The  time  rate  of  transfer  of  radiant  energy,  evaluated  spectrally  according  to  its  ability  to  produce  a visual 
sensation  (using  the  luminosity  function  for  the  eye  illustrated  in  Figure  3.2-2).  The  common  unit  is  lumens.  Also  called 
luminous  power. 

Luminous  intensity:  In  a given  direction,  the  rati.)  of  the  luminous  llux  emitted  by  a source,  o-  by  an  element  of  a source, 
in  an  infinitesimal  cone  containing  this  direction,  to  the  solid  angle  of  this  cime.  Luminous  I’lux  per  unit  solid  angle  in  a 
given  direction. 

Luminous  power  (see  luminous  (lux) 

Magnification:  ( 1 ) The  ratio  of  image  to  object  size.  (Discussed  in  Figure  3.3-1 .)  (2)  Enlargement. 

Magnifying  power:  The  ratio  of  retinal  image  size  oi  ^n  < bject  in  a particular  viewing  situation  to  its  retinal  image  size 
when  located  at  a standard  or  reference  distance  from  the  eye  (normally  250  mm  or  10  in).  (Discussed  in  Figure  3.3-1 .) 

Mark-sense:  A method  of  interfacing  with  a computer  using  sheets  or  cards  i.  arked  by  hand  with  a (usually)  special  pencil. 

Mean  (arithmetic):  An  average,  or  measure  of  central  tendency,  obtained  by  summing  the  values  and  dividing  by  the  num- 
ber of  cases. 

Median:  An  average,  or  measure  of  central  tendency;  specifically,  the  value  of  that  item  in  a set  for  which  there  are  an 
equal  number  of  items  of  greater  and  of  lesser  magnitude. 

Median  frequency  (TV):  The  middle  frequency  of  a specific  range  of  frequencies. 

Megabaud:  One  million  bauds,  designated  by  the  symbol  R. 

Megahertz:  One  million  cycles  per  second. 

Mensuration:  Tlte  act  or  process  of  obtaining  measurements  of  length,  width,  height,  orientation  or  distance  from  imagery. 
Mesopic:  Pertaining  to  vision  at  a luminance  range  in  which  both  rods  and  cones  function. 

Metameric  colors:  Colors  of  different  spectrophotometric  composition  which  appear  the  same  under  given  conditions. 
Appearance  is  often  defined  in  terms  of  chromaticity . Metameric  colors  are  compared  with  isomeric  color  in  Section 
5.2. 1.6. 

MHz  (see  megahertz) 

Microstereoscope:  A binocular  microscope  which  provides  for  viewing  pairs  of  stereoscopic  photographs. 

Misregistration  (see  registration) 

Mode:  The  most  frequently  occurring  value  in  a defined  set. 

Modulatiuii.  Mathematically,  the  absolute  value  of  the  difference  between  two  quantities,  such  as  voltage  or  luminance  at 
two  times  or  at  two  locations,  divided  by  their  sum.  Strictly  speaking  the  variation  in  the  value  of  the  quantity  should  be 
sinusoidal,  in  which  case  the  maximum  and  minimum  value  are  used  to  calculate  modulation.  Modulation  is  one  of  several 
ways  of  expressing  luminance  contrast,  and  is  identified  as  C,„  in  Figure  3.1-10  and  in  many  other  figures  in  this 
handbook. 

Modulation  sensitivity:  A statement  of  ability  to  distinguish  differences  in  luminance,  with  these  luminance  differences 
expressed  as  modulation. 

Modulation  transfer  factor:  The  ratio  of  output  to  input  modulation  at  a given  spatial  or  temporal  frequency. 

Modulation  transfer  function  (MTF):  Tlie  curve  or  the  mathematical  expression  describing  the  curve  generated  by  a series 
of  modulation  transfer  factors  taken  over  a range  of  frequencies;  usually  from  a frequency  of  zero  to  the  frequency  at 
which  the  modulation  transfer  factor  drops  to  zero. 

Monitor:  A television  display  connected  to  the  output  of  camera  or  other  image  generating  device. 
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Monochrumatism:  The  eondilion  of  being  unable  to  tiifferen'iiate  between  llie  liues  ol  the  visible  speclriim  and  in  which  all 
parts  of  the  visible  spectrum  supposedly  produce  varying  shades  of  gray. 

Monocular:  I . Pertainittg  to  or  affecting  one  eye.  2.  Pertaining  to  any  ('piical  instrument  which  is  used  with  only  one  eye. 
Monoscopic  (sec  monocular) 

mrem;  Abbreviation  for  milliroentgen  equivalent  man.  a measure  of  ladiation  dosage  corrected  for  absorption  characteris- 
tics of  bcidy  tissue.  A dosage  of  any  ionizing  radiation  whose  absorption  effects  arc  equivalent  to  l/ICKK)  of  a roentgen  of 
X rays. 

MTF  (see  modulation  transfer  function) 

Munsell  color  system:  A .scries  of  about  one  thousand  standard  color  samples,  each  designated  by  a letter-number  system. 
The  scries  represents  various  combinations  of  hue.  saturation,  and  brightness  and  includes  variations  of  brightness  of  the 
achromatic  colors  which  have  neither  hue  nor  saturation.  Illustrated  in  Figure  5.2-5. 

Myopia:  The  visual  condition  wherein,  at  minimum  eye  accommodation  (minimum  eye  refrac  '.ve  power)  an  object  at 
infinity  is  in  focus  in  front  of  the  retina  because  the  eye  has  too  much  refractive  power.  Ind'.iduals  with  this  condition 
are  unable  to  focus  on  distant  objects  and  heiicc  arc  known  as  ncarsiglited.  Myopia  is  coructed  with  a negative  lens. 

Nanosecond:  One-billionth  of  a second;  also  10'*^  second. 

Narrow-band  noise:  In  electronic  circuits,  noise  covering  a small  range  of  frequencies  relative  to  the  bandwidth  of  the 
circuit. 

National  Television  Systems  Committee  (NTSC):  A group  impaneled  to  set  standards  for  commercial  television  in  the 
United  States. 

Natural  pupil:  The  pupil  formed  by  the  iris  of  the  eye,  as  opposed  to  an  artindal  pupil. 

NC (sec  noise  criterion  curve) 

NCA  (see  alternate  noise  criterion  curve) 

Near  point  (of  the  eye):  Image  distance  for  which  the  eye  is  focused  when  accommodation  (refractive  power  of  the  eye) 
is  at  a maximum.  Typically  measured  by  moving  a test  target  closer  to  the  eye  until  it  cannot  be  kept  in  focus.  For  most 
individuals  the  near  point  is  much  more  variable  than  the  far  point. 

Neutral  density  filter:  A filter  which  transmits  all  visible  wavelengths  in  approximately  equal  but  reduced  amounts. 

Nit:  A unit  of  luminance  equal  to  I candela  per  m^  (cd/m-).  Also  see  ’‘footlambert.” 

Nodal  points:  A pair  of  points  on  the  axis  of  an  optical  system  which  have  the  ptopcriy  that  any  incident  ray  directed 
toward  the  first,  the  anterior  nodal  point,  leaves  the  system  as  thougli  fiom  the  second,  the  posterior  nodal  point,  and  with 
its  direction  unchanged;  i.e.,  parallel  to  the  incident  ray. 

Noise:  Unwanted  disturbances  superposed  upon  a signal  that  tend  to  obscure  its  information  content. 

Noise  criterion  curve  (NC):  A set  of  curves  that  specify  noise  limits  at  each  of  eiglit  octave  bands,  illustrated  in  Figure 
6.6-9. 

Nonspectral  color:  A color  such  as  purple  that  is  not  visible  in  the  spectrum. 

Normal  frequency  distribution:  A continuous  frequency  distribution  often  encountered  in  biological  or  other  data.  It  is 
symmetrical,  the  central  classes  are  the  most  numerous,  and  a decrease  in  frequency  is  obtained  toward  both  larger  and 
smaller  class  values  according  to  a relatively  simple  mathematical  law.  Also  known  as  Gaussian  frequency  distribution. 

NTSC  (see  National  Television  Systems  Committee) 

Numerical  aperture:  An  expression  designating  the  liglit-gathcring  power  of  microscope  objectives;  the  product  of  the 
index  of  refraction  of  the  object  space  and  the  sine  of  the  half-angle  of  the  incident  cone. 

Object  (in  an  optical  display);  Typically  the  imagery  of  which  the  display  is  to  provide  an  image.. 

Object  space:  The  space  occupied  by  the  object.  For  explanation  of  its  importance  in  optical  systems,  see  Figure  .V6-I . 

Objective  lens;  The  lens  in  a tele.scopic  or  microscopic  system  nearest  the  object. 

Obliquity;  An  oblique  aerial  photograph  is  one  taken  with  the  camera  axis  directed  between  the  horizontal  and  the 
vertical. 
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Octave:  1 he  iiiiorval  between  two  frequencies  having  a ratio  of  2: 1 . 

Ocular;  1 . An  eyepiece:  2.  Pertaining  to  or  about  the  eye. 

One-dimensional  sampling:  In  electro-optical  imaging  systems,  generating  a continuous  signal  representing  one  dimension 
of  the  imagery  and  a discontinuous  signal  representing  the  other  dimension.  A conventional  TV  system  is  an  example  of  a 
one-ditnensional  sampling  system. 

OPS  (see  optical  power  spectrum) 

Optic  axis  (of  the  eye):  An  imaginary  straight  line  that,  in  theory,  pas.ses  perpendicularly  through  the  midpoint  of  the 
refracting  surfaces  of  the  eye.  Because  of  irregularities  in  the  structure  of  the  eye,  the  optic  axis  can  only  be  approximated. 
Also  Icnown  as  the  optical  axis. 

Optic  disc:  The  portion  of  the  optic  nerve  which  is  formed  by  the  meeting  of  all  the  retinal  nerve  fibers.  It  is  insensitive  to 
light,  corresponds  to  the  physiological  blind  spot,  is  pinkish  in  color,  due  to  its  many  capillaries,  and,  normally,  has  a cen- 
tral depression,  the  physiological  cup. 

Optical  line-scan  image  generator  (see  optical  line-scan  printer) 

Optical  line-scan  printer:  A device  used  to  expose  film  on  a line  by  line  basis.  Sec  Figure  4.1-16. 

Optical  path:  The  path  followed  by  liglit  in  an  optical  device,  normally  representfd  by  the  chief  ray. 

Optical  power  spectrum  (OPS);  A description  of  imagery  content.  The  spectrum  represents  relative  image  modulation 
contrast  as  a function  of  spatial  frequency.  Also  known  as  Wiener  spectrum. 

Optometer:  A device  for  measuring  the  refractive  state  of  the  eye. 

Orthicon  (sec  image  orthicon) 

Orthophoria;  The  condition  in  which  the  liner  of  sight,  in  the  absence  of  an  adequate  fusion  stimulus,  intersect  at  a given 
point  of  reference.  This  point  of  reference  is  usually  the  point  of  binocular  fixation  prior  to  the  phoria  test. 

Paired  (pair)  comparison:  A method  used  in  judgment  of  affective  preference  of  colors,  etc.,  in  which  each  member  of  a 
series  is  compared  individually  with  every  other  member  in  respect  to  a given  quality,  the  judge  indicating  the  member  he 
prefers  in  each  pair  so  that  a graded  scale  of  the  entire  series  is  obtained. 

Parallax;  The  apparent  change  in  direction  or  lateral  displacement  of  a viewed  object  when  the  eye  is  moved  from  one 
position  to  another,  or  when  the  object  is  viewed  first  with  one  eye  and  then  with  the  other. 

Parfocal:  An  optical  system  in  which  magnification  can  be  changed  without  varying  the  focus  of  the  instrument. 

Partial  color  blindness  (see  dichromatism) 

PCM  (see  pulse  code  modulation) 

Peak  luminance  (CRT);  The  luminance  at  the  center  of  the  scanning  spot  where  the  current  density  is  greatest  in  the 
impinging  electron  beam. 

Peak  signal  strength;  Expression  of  the  maximum  instantaneous  signal  power  or  voltage  as  measured  at  any  point  in  a 
system. 

Peak-to-trough  voltage:  The  difference  in  signal  voltage  between  the  maximum  and  minimum  points  of  a cyclical  signal. 

Perceived  noise  level  (PNL):  The  level  in  decibels  assigned  to  a noise  by  means  of  a calculation  procedure  that  is  based  on 
an  approximation  to  subjective  evaluations  of  “noisiness.” 

Periodic  staggered  interlace:  Staggered  interlace  in  which  the  time  allotted  for  each  field  is  the  same. 

Periphery  (visual  field):  Nonccntral  portions  of  the  field. 

Phase  (of  a periodic  phenomenon  f(t),  for  a particular  value  off);  The  fractional  part  t/Pof  the  period  P through  which  t 
has  advanced  relative  to  an  arbitrary  origin.  Note:  The  origin  is  usually  taken  at  the  last  previous  passage  through  zero 
from  the  nega'we  to  the  positive  direction. 
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Phoria;  The  direction  or  orientation  of  one  eye.  its  line  of  sight,  or  some  other  reference  axis  or  meridian,  in  relation  to 
the  other  eye.  manifested  in  the  absence  of  an  adequate  fusion  stimulus,  and  variously  specified  with  reference  to  parallel- 
ism of  the  lines  of  siglit  or  with  reference  to  the  relative  directions  assumed  by  the  eyes  during  binocular  fixation  of  a 
given  object. 

Phosphor:  Any  substance  that  becomes  luminous  as  a result  of  exposure  to  radiant  energy  or  bombardment  by  atomic 
particles.  This  may  cease  with  the  excititig  stimulus  (fluorescence)  or  may  persist  (phosphorescence).  In  electro-optical 
systems,  the  term  is  used  most  commonly  to  ('.'note  those  cathodoluminescent  substances  used  for  the  coating  of  cathode 
ray  tube  screens. 

Phosphor  persistence:  The  length  of  time  required  after  the  removal  of  excitation  for  the  luminance  of  an  excited  phos- 
phor to  drop  to  10  percent  of  its  peak  value. 

Phosphorescence:  Kmission  of  radiation  as  a res'ilt  of  previous  absorption  of  radiation  of  other  wavelengths.  The  emission 
may  continue  for  a considerable  time  after  the  excitation  has  ceased,  in  contrast  to  fluorescence  which  stops  within 
approximately  10'^  seconds  after  the  removal  of  the  excitation. 

Photoconductivity:  HIcctrical  conductivity  of  certain  insulators  and  semiconductors,  such  as  selenium,  induced  by  radia- 
tion of  suitable  wavelength. 

Photograinmetry:  The  science  or  art  of  obtaining  measurements  of  objects  by  means  of  photography. 

Photographic  scale:  The  ratio  of  the  size  of  a feature  in  a photograph  to  the  size  of  this  same  feature  on  the  ground.  A 
“large  scale”  photograph  shows  less  ground  area  and  hence  smaller  details  on  the  ground  than  a “small  scale”  photograph 
of  the  same  size. 

Photokeratitis:  Inflammation  of  the  conjunctiva  and  cornea  caused  by  exposure  to  ultraviolet  radiant  energy. 

Photometry:  Tlte  nteasurement  of  liglu.  contrasted  with  radiometry.  which  is  the  measurement  of  radiant  energy. 

Photopic:  Pertaining  to  vision  at  a sufficiently  high  luminance  that  cone  receptors  are  involved.  An  opposite  meaning  word 
is  scotopic,  for  niglit  seeing. 

Photosensor:  The  element  of  an  electro-optical  camera  which  changes  its  electrical  characteristics  in  response  to  variations 
in  incident  illumination.  The  photodctector. 

PIC  (see  pseudo-isochromatic  chart) 

Picture  (CRT):  The  CRT  image  produced  by  complete  scanning  of  all  fields  (and  frames  in  a sequential  color  system). 

Pitch  (of  a raster):  In  line-scan  imaging  systems  the  ratio  of  the  line  spacing  to  the  standard  deviation  of  the  line  spread 
function. 

Pixel:  The  smallest  discrete  subsection  of  a digital  image  matrix. 

Planckian  radiator:  A surface  from  which  the  spectral  distribution  of  emitted  radiant  energy  varies  with  temperature 
according  to  Planck’s  radiation  formula.  The  standard  material  is  carbon,  but  the  tungsten  filament  of  an  incandescent 
lamp  provides  a good  approximation.  Also  known  as  blackbody  radiator. 

PNL  (see  perceived  noise  level) 

Point  raster  system:  A system  in  which  sampling  is  two  dimensional. 

Point  scan:  A technique  of  scanning  whereby  points  rather  than  lines  are  illuminated;  sampling  is  in  two  dimensions. 

Point  spread  function:  1.  A mathematical  description  of  the  distribution  of  liglit  in  a cross  section  of  the  image  of  an 
infinitesimally  small,  bright,  point  object,  hence  a description  of  the  point-imaging  characteristics  of  an  optical  system. 

2.  In  CRT’s,  the  mathematical  expression  describing  the  distribution  of  current  in  a longitudinal  section  of  the  electron 
beam.  The  distribution  is  most  commonly  Gaussian. 

Position  joystick  (sec  displacement  joystick) 

Power  (see  dioptric  power) 

Preferred-frequency  speech  interference  level  (PSIL):  See  speech  interference  '■rvel  (SIL).  The  PSIL  differs  from  the  SIL 
only  in  that  the  three-octase  bands  are  centered  at  500.  1000.  an.1  2000  Hz.  or  typical  noises.  PSIL  is  3 dB  greater  than 
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Presbyopia;  A reduction  in  accommodative  ability  occurring  normally  with  age  and  necessitating  a plus  lens  addition  for 
satisfactory  seeing  at  near  distances,  sometimes  quantitatively  identified  by  the  recession  of  the  near  point  of  accommoda- 
tion beyond  20  cm. 

Primary  colors:  Any  set  of  colors,  such  as  red,  green,  and  blue,  from  which  other  color  sensations  can  be  produced  by 
additive  mixing.  Althougli  it  is  most  common  to  speak  of  three  primaries,  some  theorists  contend  that  there  are  no  fewer 
than  four. 

Primary  flash  (in  CRT's):  Term  sometimes  used  to  describe  the  very  briglit  fluorescence  of  a cathodoluminescent  phosphor 
when  it  is  being  bombarded  by  the  electron  beam  of  a CRT. 

Principal  plane;  A plane  in  an  optical  system,  perpendicular  to  the  optical  axis,  at  which  refraction  of  the  incident  or 
emergent  liglit  may  be  considered  to  take  place. 

Principal  ray;  The  line  connecting  the  principal  point  of  an  image  and  the  perspective  center  of  the  imaging  lens. 

Prism  diopter:  A measure  of  the  deviation,  or  bending  of  liglit  by  a prism,  equal  to  100  times  the  tangent  of  the  angle  of 
deviation.  Thus,  a prism  of  1 prism  diopter  will  deviate  li^it  1 cm  at  a distance  of  Im. 

Prismatic;  Produced  by,  pertaining  to,  or  resembling,  a prism  or  its  action  or  effect. 

Protanomaly:  A condition  characterized  by  relatively  lowered  luminosity  for  long  wavelength  liglits  and,  concomitantly, 
by  abnormal  color  matching  mixtures  in  which  an  excess  of  the  red  primary  is  necessary. 

Protanopia:  A form  of  dichromatism  characterized  by  decreased  luminosity  for  long  wavelengths  and  an  inability  to  differ- 
entiate the  hues  of  red,  orange,  yellow,  and  green,  or  blue  and  violet,  or  blue-green  and  a neutral  gray.  A sex-linked,  heredi- 
tary form  of  color  blindness  occurring  in  about  I percent  of  the  male  population. 

Prototype;  The  first  of  a kind-normally  one  that  serves  as  a model  for  later  issues. 

Pseudocolor:  Defined  in  Section  5.2.5. 

Pseudo-isochromatic  chart  (PIC)  color  test;  A color  vision  test  which  requires  the  discrimination  of  hues  for  a “normal” 
response  and  which  permits  difl^erential  diagnosis  of  color  defect  on  the  basis  of  responses  which  are  not  “normal.” 

PSIL  (see  preferred  frequency  speech  interference  level) 

Pulse  code  modulation  (PCM);  In  digital  systems,  a set  of  techniques  for  encoding  quantized  signal  strength  as  a series  of 
discrete  pulses.  These  techniques  are  especially  resistive  to  noise-induced  errors. 

Pupil  (of  the  eye):  The  aperture  in  the  iris,  normally  circular  and  contractile,  through  which  the  image-forming  liglit  enters 
the  eye. 

Purity  (color);  A measure  of  the  degree  of  freedom  of  a color  from  achromatic  content;  or,  the  degree  to  which  a color 
approaches  the  condition  required  for  maximum  saturation.  Various  purity  scales  are  used,  all  of  which  can  be  expressed 
as  some  mathematical  function  of  the  ratio  of  the  spectral  to  the  achromatic  components  of  a color  mixture.  One  is  illus- 
trated in  Figure  5.2-10. 

PW  (see  sound  power) 

Qu.idratic  interpolator:  A spot-spread  function  which  produces  interpolated  values  which  follow  a be^t-fit  parabola 
between  three  successive  image  samples. 

Quantize;  To  subdivide  the  range  of  values  of  a variable  into  a finite  number  of  nonoverlapping  subranges  o.'  intervals,  each 
of  which  is  represented  by  an  assigned  value  within  the  subrange. 

Quantizing  errors:  The  difference  between  the  actual  value  of  a variable  and  the  level  assigned  to  it  in  die  quantizing 
process. 

Radian:  The  angle  subtended  by  an  arc  of  a circle  equal  in  length  to  the  radius  of  the  circle.  One  radian  is  equal  to  57.3 
degrees.  1 

Radiant  energy  (electromagnetic):  Energy  associated  with  electro-magnetic  waves,  which  are  characterized  by  temporal 
variations  of  electrical  and  magnetic  fields. 

Radiant  flux:  Time  rate  of  transfer  of  radiant  energy.  The  most  common  unit  is  the  watt.  Also  called  radiant  power. 
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Radiant  power  (see  radiant  llu\) 

Radiumelry;  The  measurenieiil  of  radiant  energy. 

Raster  (TV  camera  or  CRT):  A predetermined  pattern  of  scanning  lines  that  provides  substantially  uniform  coverage  of  an 
area. 

Raster  crawl  (see  line  crawl) 

Raster  luminance  (CRT):  the  luminance  of  an  extended  area  on  the  face  of  the  CRT. 

Rayleigh  criterion:  A distance  equal  to  the  radius  of  the  first  dark  ring  in  the  Airy  disc. 

Real  image:  An  optical  image  that  can  he  received  on  a screen;  one  formed  by  the  meeting  of  converging  rays  of  li;  !\t. 

Real  pupil  (of  the  eye):  The  pupil  of  the  eye  formed  by  the  iris,  as  opposed  to  the  two  images  of  the  real  pupil,  the 
entrance  and  exit  pupils  of  the  eye.  Illustrated  in  Figure  3.1-7. 

Recognition:  In  image  interpretation,  the  assignmeni  of  an  object  (as  seen  on  a display)  to  a class  of  objects;  e.g.,  tank. 

Recognition  latency;  The  period  of  time  elapsing  between  the  first  appearance  of  a target  in  an  imagery  disp'ay  and  a 
response  by  the  observer  (interpreter)  indicating  he  has  located  and  recogni/cd  it. 

Red-green  color  blindness  (sec  dichromatism) 

Reflectance;  The  ratio  of  reflected  tlux  to  incident  flux. 

Refraction;  1 . The  altering  of  the  pathway  of  liglit  from  its  original  direction  as  a result  of  passing  obliquely  from  one 
medium  to  another  of  different  index  of  refraction.  2.  The  refractive  and  muscular  state  of  the  eyes,  or  the  act  or  process 
of  determining  and/or  coneciing  it. 

Refractive  difference  (between  the  two  eyes)  (see  anisometropia) 

Refractive  error;  T)ie  dioptric  power  of  the  correcting  lens  which,  together  with  the  dioptric  system  of  the  eye,  converges 
parallel  rays  to  focus  on  the  retina,  with  accommodation  fully  relaxed.  Hence,  if  the  eye  has  too  much  refractive  power, 
the  refractive  error  is  negative. 

Refresh  rate:  The  frequency  with  which  the  electron  beam  of  a CRT  display  returns  to  a given  phosphor  spot.  Nominally 
assumed  equal  to  the  frame  rate. 

Registration;  Any  of  several  measures  of  the  degree  to  which  two  images  on  binocular  display  are  c ncident.  See  also 
alignment,  disparity. 

Relative  luminosity;  The  ratio  of  tlie  luminous  efficiency  for  a given  wavelength  to  the  value  at  the  wavelength  of  maxi- 
mum luminous  efficiency. 

Resolution  (TV):  A measure  of  ability  io  delineate  picture  detail.  Resolution  in  cathode  ray  tubes  is  usually  expressed  as 
the  number  of  scan  lines  in  the  vertical  dimension  of  the  raster  (i.e.,  the  direction  perpendicular  to  the  scan  lines).  A line 
of  TV  resolution  is  either  the  light  or  dark  portion  of  a periodic  target,  as  opposed  to  the  designation  of  resolution  as  the 
number  of  line  pairs  (both  the  liglit  and  dark  portions  of  a periodic  target)  used  in  optics.  Two  lines  of  TV  resolution  are 
required  to  equal  one  line  pair  of  optical  resolution. 

Response  latency;  The  lapse  of  time  between  the  presentation  of  the  stimulus  and  the  occurrence  of  the  response. 

Resting  position  (of  accommodation):  The  refractive  state  of  the  eye  when  there  is  no  stimulus  to  focus  at  any  given  dis- 
tance. Traditionally  .spoken  of  as  being  zero  diopter  (accommodation  to  infinity),  it  is  now  more  often  placed  nearer  at 
about  0.5  to  2 diopters  (2  to  0.5  meters);  this  is  presumed  to  be  the  basis  for  niglu  or  empty  field  myopia.  See  Section 


Reticle:  A very  small,  transparent  scale,  gratelike  pattern,  or  system  of  lines  in  the  front  focal  plane  of  the  eyepiece  of  an 
optical  instrument,  for  direct  observation  of  the  apparent  image  size  or  position  in  the  field  of  view. 

Retina:  Tlie  portion  of  the  eye  which  contains  the  photoreceptors. 

Retinal  illuminance;  The  luminous  flux  incident  per  unit  area  on  the  retina. 

Reliability;  The  coefficient  of  correlation  obtained  from  two  applications  of  the  same  test.  (Properly,  the  coefficient  of 
reliability.) 
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Retrace  (in  CRT’s):  Return  of  llie  beam  on  the  catliode  ray  tube  to  its  starting  point  after  th?  completion  of  a line  or  a 
field;  also  that  portion  of  the  sweep  waveform  that  returns  the  spot  to  its  starting  point. 

Reverberation;  I . Reverberation  is  the  per-sistence  of  sound  in  an  enclosed  space  as  a result  of  multiple  reflections  after  the 
sound  source  has  stopped.  2.  The  sound  resulting  from  reverberation. 

Reverberation  time:  The  reverberation  time  of  a room  is  the  time  that  would  be  required  for  the  mean  squared  sound  pres- 
sure level  therein,  originally  in  a steady  state,  to  decrease  60  dB  after  the  source  is  stopped. 

Ripple  modulation  (CRT):  The  variatiritis  in  luminance  in  a flat  field  caused  by  the  line  spread  function  of  the  overlapping 
of  scan  lines.  Ripple  modulation  generally  approximates  a sine-wave  function  for  normal  line  spacing. 

rms  noise:  Tire  square  root  of  the  average  of  the  squared  values  of  nonsystematic  variations  about  a mean  signal  level. 

Rod:  In  contrast  with  the  cones,  the  rods  function  at  lower  liglil  levels,  are  located  more  in  the  periphery  of  the  eye,  and 
are  more  sensitive  to  movement.  About  130  million  rod  cells  exist  in  a human  retina. 

Sampling;  Process  of  obtaining  a sequence  of  instantaneous  values  of  a wave  at  regular  or  intermittent  intervals. 

Saturation;  1.  The  quality  of  visual  perception  which  permits  a judgment  of  different  purities  of  any  one  dominant  wave- 
length; the  degree  to  which  a chromatic  color  differs  from  a gray  of  the  same  briglitness.  2.  In  CRT’s  the  level  of  excita- 
tion of  the  phosphor  where  further  excitation  does  not  produce  an  increase  in  luminance. 

Scale  (see  photographic  scale) 

Scale  number:  Reciprocal  of  scale  or  photographic  scale.  Also  called  scale  factor. 

Scan  line  (TV  camera  and  CRT);  A single  continuous  narrow  strip  that  is  delerminec  by  the  process  of  scanning  (the 
process  of  directing  a beam  of  energy  successively  over  the  elements  of  a given  region,  e.g.,  a CRT  lube). 

Scanning  field:  a cycle  defined  by  a complete  (top  to  bottom)  sweep  of  one  electron  beam  over  the  display.  Two  or  more 
sweeps  may  be  required  to  produce  a picture. 

Schematic  eye:  A simple  schematic  system  designed  to  have  the  same  optical  properties  as  the  average  human  eye.  Also 
known  as  the  reduced  eye.  Usually  given  for  a condition  of  relaxed  accommodation. 

Scintillation;  A subjective  visual  sensation  of  sparks  or  quivering  flashes  of  liglit. 

Scotopic;  Pertaining  to  vision  at  relatively  low  luminance  so  that  only  rod  receptors  are  involved. 

Screen  display:  An  image  display  in  which  the  optical  element  closest  to  the  eye  is  a diffusing  surface  or  screen  on  which 
the  image  is  formed.  Also  sec  aerial  image  display. 

Screen  image  (see  screen  display) 

Second  derivative:  TIk  derivative  is  the  slope  of  the  curve  y = f(x)  at  a given  point,  C.  The  second  derivative  is 
the  rate  at  which  the  slope  of  that  curve  changes.  The  second  derivative  of  the  original  video  signal  was  subtracted 
from  that  video  signal  to  give  the  edge  sharpened  signal. 

Self-scanning;  In  photodetectors,  which  consist  of  arrays  of  small,  single  photosensitive  elements  from  which  the  signal  is 
taken  by  means  of  individual  connections  to  each  element,  the  process  of  obtaining  the  signal  through  systematically 
switching  from  one  element  to  another  in  a manner  programmed  in  the  electronic  circuitry  of  the  device.  No  electron 
beam  is  employed. 

Sequential  interlace  (T\  cameras  and  CRT’s);  A scanning  process  in  which  the  lines  from  successive  fields  are  written 
immediately  adjacent  to  the  those  of  the  preceding  field. 

Shading:  In  electro-optical  images,  a large  area  briglitness  gradient  in  the  reproduced  picture  not  present  in  the  original 
scene. 

Shadow  mask:  A thin,  perforated  metal  mask  mounted  just  back  of  the  phosphor-dot  faceplate  in  a three-gun  color  picture 
tube;  the  holes  in  the  mask  are  positioned  to  ensure  that  each  of  the  three  electron  beams  strikes  only  the  phosphor  dot  of 
the  correct  color. 

SI  (Systeme  Intemationale);  A system  of  physical  units  given  official  status  and  recommended  for  universal  use  by  the 
General  Conference  on  Weigl'.ts  and  Measures.  Known  in  French  as  Systeme  International  d’Unites,  abbreviated  as  SI. 
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Signal  mixing  (TV  cameras):  lirrors  in  a lelevision  camera  signal  for  moviiia  images  caused  by  the  time  between  the  scans 
of  a particular  spot.  During  the  time  between  scans  tlie  illumination  from  several  spots  in  the  scene  falls  on  a single  spot  on 
the  photodetector,  resulting  in  a signal  which  is  some  weighted  average  of  ihc  signals  for  eacli  spot  in  the  scene.  Analogous 
to  the  smear  caused  by  uncompensated  image  motion  in  conventional  cameras. 

Signal  strength:  Amplitude  of  a signal,  generally  expressed  in  volts. 

Signal-to-noise  ratio  (SNR);  In  electro-optical  systems,  the  ratio  of  the  value  of  the  signal  to  that  of  the  noi..i . The  method 
used  tc  measure  the  signal  and  the  noise  must  be  defined.  A common  definition  in  television  systems  is  the  peak  signal 
voltage  divided  by  the  rms  noise  voltage.  Root-mean-square  signal  voltages  are  srrmetimes  used,  as  are  amperages  in  lieu  of 
voltages. 

SIL(see  speech  interference  level) 

Sine:  Term  designating  the  mathematical  expression  sin  X/X. 

Sine  modulation:  Variation  in  signal  amplitude  according  to  a sine  function. 

Sinusoidal  grating:  A target  of  alternating  dark  and  liglit  bars  where  some  characteristic  such  as  luminance  varies  according 
to  the  sine  function. 

SL  (see  sound  level) 

Small  field  flicker:  Variatioti  in  perceived  brightness  of  elements  hi  single  lines  or  small  groups  of  lines  having  a visual  angle 
approximately  that  of  foveal  vision  (a  solid  angle  of  about  3 degrees). 

Small  field  tritanopia:  A normal  reduction  color  discrimination  for  blue  wavelengths  for  small  color  fields  (nominally 
smaller  than  about  20  arc  minutes),  wi'h  the  result  that  all  colors  can  be  matched  by  a mixture  of  two  primaries,  and 
purplish  blues  and  greenish  yellows  arc  confused  with  neutral  and  with  each  other. 

Snellen  visual  acuity:  Measured  by  the  ability  to  correctly  read  a standard  set  of  letters  of  graduated  size.  Kxpressod  as  a 
comparison  of  the  distatice  at  which  a given  set  of  letters  were  correctly  read  to  the  distance  at  which  the  letters  would  be 
read  by  someone  with  clinically  normal  eyesight.  A value  of  20/80  indicates  that  an  individual  read  at  20  feet  the  letters 
normally  read  at  80  feet.  Also  defined  in  Figure  3.1-12. 

Snow  (in  CRT  displays);  A varying,  speckled  background,  caused  by  noise. 

SNR  (sec  signal-to-noise  ratio) 

Sound  level  (SL):  A measure  of  the  overall  loudness  of  sounds  based  on  approximations  of  equal  loudness  of  pure  tones.  It 
is  a wciglited  measure,  expressed  in  decibels,  obtained  by  the  use  o(  a meter  with  specific  weightings  across  the  sound  fre- 
quency spectrum. 

Sound  pressure  (SP):  The  extent  of  the  variation  in  atmospheric  pressure  produced  by  a sound  wave.  Measured  in 
newtons/square  meter  (N/m^)  and  normally  used  to  mean  the  effective  root-mean-square  sound  pressure. 

Sound  pres.sure  level  (SPL);  The  root-mean-square  sound  pressure  expressed  in  decibels  relative  to  a standard  reference 
pressure  (normally  2xi0‘-‘’  N/m-).  See  Section  6.6.2. 

Spatial  acuity:  A general  term  referring  to  the  visual  ability  to  discrimiiiaie  between  targets  on  the  basis  of  their  relation- 
sliips  in  space. 

Spatial  distribution:  Allocation  oi  apportionment  of  a quantity  throughout  a linear,  areal  or  spatial  extent,  such  as  cycles 
per  millimeter  or  candelas  persquj:e  me'er.  In  distinction  to  temporal  ihslribution,  which  is  the  apportionment  of  a quan- 
tity over  a time  period,  such  as  cycles  per  second  (llz). 

Spatial  frequency:  A measure  of  the  number  of  cycles  in  a grating  or  target  of  alternating  light  and  dark  bars  as  a function 
of  their  linear  extent.  Normally  measured  in  terms  of  cycles/millimeter  or  cycles/degree  of  visual  angle.  Used  in  distinction 
to  temporal  frequency  (usually  designated  simply  frequency)  which  is  expressed  in  units  such  as  cycles  per  second  (Hz). 

Specific  resolution;  Smallest  resolvable  target  size  times  the  area  of  the  pupil.  Used  in  analyses  such  as  the  one  in  Section 


Spectral  color:  1.  A color  corresponding  to  liglit  of  a s.ngle  wavelength.  Monochromatic  color.  (The  spectral  colors  are 
listed  in  Figure  5.2-2.)  2.  A color  represented  by  a pent  on  a straight  line  in  the  chromaticity  diagram  connecting  the 
achromatic  point  ^usually,  the  illuminant)  and  a speciial  color  as  defined  in  ( 1 ) above. 

Spectral  distribution  (of  radiant  energy):  The  relative  or  absolute  amount  of  radiant  energy  at  each  wavelength  along  some 
portion  of  the  electrotnagnetic  spectrum.  Portrayed  as  a continuous  curve  where  the  Y axis  represents  percentage,  propor- 
tion, or  absolute  amount  of  energy  and  the  X axis  represents  wavelength. 


Spectral  locus  (see  spectrum  locus) 

Spectral  tristimulus  values;  Trisiiinulus  values  obtained  wlien  a (monocliromatic)  spectral  color  is  matched  to  the  three 
primaries.  Usually  identified  as  x,  y and  z and  listed  or  illustrated  as  in  Figure  5.2-7  for  a series  of  wavelengths  along  the 
visible  spectrum. 

Spectrum,  electromagnetic,  visible  (see  electromagnetic  spectrum;  visible  spectrum) 

Spectrum  locus:  Curve  connecting  points  in  chromaticity  diagram  that  represent  various  (monochromatic)  wavelength.s  of 
the  spectrum. 

Specular  reflection;  Reflection  of  electromagnetic  waves  where  the  direction  of  the  incident  and  reflected  waves  makes 
equal  angles  with  a line  perpendicular  to  the  reflecting  surface  and  lies  in  the  same  plane  with  it. 

Specular  surface;  A surface  which  provides  a specular  rellection.  a shiny  surface. 

Speech  interference  level  (3IL);  The  average  in  decibels  of  the  sound  pressure  levels  of  the  noise  in  three  octave  bands  of 
center  frequency  850.  1 700,  and  3400  II/;  if  the  425-H/  octave  has  an  SFL  of  more  than  10  dB  above  the  850-Hz  octave, 
it  is  also  included  in  the  average.  Sec  also  preferred  speech  interference  level  (PSIL). 

Spherical  aberration;  A monochromatic  aberration  occurring  In  simple  refraction  at  a spherical  surface,  characterized  bv 
peripheral  and  paraxial  rays  focusing  at  different  points  along  the  axis.  In  the  Gaussian  theory,  the  focus  of  the  system  is 
identified  with  the  paraxial  rays,  the  peripheral  rays  being  regarded  as  aberrant  when  they  fail  to  intersect  at  the  focal 
point  of  th-*  paraxial  rays. 


Spot;  In  television  cameras,  CRT’s,  and  optical  line  scan  printers,  the  area  covered  by  the  electron  or  light  beam  on  a sur- 
face such  as  the  photodctector.  phosphor  or  film.  Also  the  area  of  luminance  or  film  density  caused  by  such  a spot. 

Spot  shape;  The  geometric  shape  of  a spot  (see  definition  for  spot).  Also  used  to  refer  to  the  distribution  of  current, 
intensity  or  energy  within  a spot,  this  latter  however  is  more  properly  called  the  spot  spread  function. 

Spot  size;  The  size  of  a spot  defined  in  terms  of  a proportion  of  its  maximum  intensity  level.  Spot  size  is  frequently 
expressed  as  the  diameter  in  millimeteis  or  inches  of  the  spot  at  its  50  percent  intensity  level  (see  Figure  4.1-9). 

Spot  spread  function;  Distribution  (in  two  dimensions)  of  current  or  liglit  within  the  spot  (sec  definition  for  spot). 

Spot  wobble;  A process  whereby  a scanning  spot  is  given  a small  periodic  motion  transverse  to  the  scanning  lines  a(  a fre- 
quency above  the  picti  re  signal  spectrum. 

Spread;  See  line  spread  function,  point  spread  function  or  spot  spread  function. 

Square-wave  grating;  A grating  or  target  of  alternating  dark  and  liglit  bars.  The  luminance  (and  color)  across  each  bar  is 
constant. 

Stage  (for  n aerial  image  display);  Tltat  portion  of  a microscope  or  similar  aerial  image  display  which  holds  the  film 
being  viev  > 


Staggered  hue  ace;  An  interlace  technique  whereby  lines  in  cucceeding  fields  are  intermixed  rather  than  being  contiguous 
as  in  the  sequential  interlace  system. 

Standard  deviation;  In  statistics,  the  degree  of  deviation  of  scores  from  the  mean,  computed  by  taking  the  quadratic  mean 
of  the  individual  deviations  from  the  arithmetic  mean  of  these  values,  thus  the  root-mean-square  of  the  deviations  from  the 
arithmetic  mean.  It  is  denoted  by  a and  the  formula  for  its  computation  is; 

where  o = standard  deviation 

X = deviation  from  arithmetic  mean 
N = total  number  of  items 

Standard  observer  (data);  A set  of  color  vision  data  obtained  from  a group  of  “nortnal”  co’or  vision  subjects.  A single  aver- 
age set  of  values  based  on  the  performance  of  this  group  was  defined  by  the  CIE  as  the  standard  observer. 
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Stereo  acuity;  The  ahility  to  peueive  deptli  by  tlie  laculiy  nl'siereopsis.  repre;>enled  as  a t'unetion  of  tlie  tlircsliold  of 
stereopsis. 

Stereo  photogrammetry;  The  seieiiee  or  art  of  obtaining  rneasurcnients  of  objects  using  stereoscopic  imagery. 

Stereopsis:  1,  Binocular  visual  perception  of  three-dimensional  space  based  on  retinal  lateral  disparity;  2.  Visual  perception 
of  depth  or  three-dimensional  space. 

Stereoscopic:  Pertaining  to  or  producing  stereopsis. 

Stiles-Crawford  effect:  I he  difference  in  stimulus  effectiveness  (brightness)  of  two  pencils  of  light  incident  on  the  same 
retinal  point,  one  passing  through  the  center  of  the  pupil  and  the  other  through  an  eccentric  part  of  the  pupil,  the  central 
pencil  producing  a more  intense  response. 

Subcarrier;  A carrier  wave  of  constant  amplitude  and  phase  frequency  used  to  generate  a modidated  wave  that  is  applied, 
in  turn,  to  modulate  another  carrier. 

Subtractive  color;  Color  produced  by  dyes  or  pigments  that  selectively  absorb  the  radiant  energ>  in  a portion  of  the 
spectrum. 

Surface  color;  Color  perceived  as  belonging  to  a surface  of  a stimulus  object  as  opposed  to  transparency  or  voluivie  color. 

Sweep  circuit:  A circuit  that  produces,  at  regular  intervals,  linear,  circular,  or  other  specified  movement  of  the  beam  in  a 
TV  camera  or  CRT.  Must  commonly  the  beam  movement  is  linear,  and  in  a horizontal  direction  in  systems  used  for  image 
interpretation. 

Temporal  modulation;  Time  varying  instead  of  spatially  varying  modulation. 

Thick  lens:  A lens  that  is  so  thick  that  it  must  he  represented  in  a ray  trace  diagram  as  having  two  nodal  poittts  and  two 
principal  planes. 

Thin  lens:  .A  lens  that  is  sufficiently  thin  that  it  can  be  represented  in  a ray  trace  diagram  by  a single  nod  d point  and  a 
single  principal  plane. 

Third-field  decay  lag;  Tlie  signal  strength  left  on  the  scanned  element  of  a television  camera  after  the  third  scan  subse- 
quent to  the  removal  of  a specified  illumination  divided  by  the  signal  strength  obtained  during  the  illumination  (also 
called  third  field  lag). 

Thi^e-dimensional  color  space  (for  CRT's);  A three-dimensional  space  defined  by  the  amount  ofeach  of  the  three  primary 
colors  (red,  blue,  green)  present  on  the  display. 

Threshold:  The  statistically  determined  pottit  on  the  stimulus  scale  at  which  tKciirs  a transition  in  a scries  of  sensations  or 
judgements. 

Threshold  contrast  (see  contrast  threshold) 

Total  color  blindness  (see  monochromatism) 

Trac'Kball:  A continuous  positio”  '’onirol  used  to  command  the  position  of  a cursor  on  a display.  The  control  consists  of  a 
ball  or  sphere,  normally  ofd-4  inches  u '■  ■=*ter,  which  is  rotated  about  its  center. 

Transmission;  Tl  . passing  of  radiant  energy  tlirougli  a uiedium  or  space.  See  transmittance. 

Transmittance;  The  ratio  of  radiant  flux  tratioml'-  .u  throiigit  a body  to  that  incident  on  the  body. 

Transmittance  histogram:  A graphical  representation  of  a frequency  distribution  of  transmittance  values  by  a serto^ 
rectangles  which  have,  for  one  dimension,  a distance  proportional  to  a definite  range  of  transmittance  vali.,..  • ,u  lur  the 
other  dimension,  a distance  proportional  to  the  number  of  times  tite  transmittance  values  in  eaclt  range  appear  in  an  image. 

Transparency  (as  dimension  of  color):  Attribute  of  appearance  that  permits  perception  of  object  or  space  througli  or 
beyond  a surface. 

Triad  (in  color  CRT's);  A grouping  of  tliree  colored  phosphor  dots  (red-,  blue-  and  green-emitting)  on  the  face  of  a CRT. 

Tri-bar  test  target:  A target  consisting  of  three  equal-sized  bars  of  defined  length  and -width.  Spacing  between  the  bars  is 
usually  equal  to  bar  width.  The  most  frequently  used  tri-bar  target  is  illustrated  in  Figure  3.1-1 1. 

Trichromatism;  Color  vision  in  wliich  mixtures  of  three  independently  adjustable  primaries  (c.g..  red.  green,  and  blue)  are 
required  to  match  all  perceived  hues. 
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Trinitron:  A type  ol  coloi  ( KT  will)  the  uperlure  ina>k  in  ilie  I'omi  of  a grill. 

Tristimulus  values:  1 lie  amounts  of  each  of  three  primaries  required  to  mateh  a color.  Svmbols:  X;  Y;  Z See  Section 
5.2.I..T 

Tritanopia:  A form  of  dichroniatism  in  whicli  all  colors  can  he  matched  hy  suilahle  mixtures  of  'iily  a red  primary  and  a 
green  (or  blue)  primary.  Brightness  (lumiin  .dty)  of  all  colors  is  within  normal  limits.  Sensitivity  to  ■lilferences  in  hue  of 
blues,  blue-greens,  and  greens  is  greatly  reduced,  but  discrimination  of  short  wavelength  violets  appears  to  be  superior  to 
that  of  ttormal  observers. 

Troland:  A unit  of  retinal  illuminance  equal  to  that  produced  by  viesving  a surface  having  a luminance  (photometric 
briglitness)  of  1 candle  per  sq.  m.  through  a pupil  having  an  area  of  1 sq.  mm.  Originally  called  pliolun  by  1 rolanJ  and 
later  renamed  in  his  honor  to  differentiate  it  from  a photon  of  light  energy.  The  relationship  between  scene  luminance  and 
retinal  illuminance  with  a natural  pupil  is  shown  in  Figures  d.2-14.  -15  and  -16. 

TV  line  number:  I he  number  of  scan  periods  per  complete  image  scan  (525  for  U.S.  commercial  broadcast  TV).  The 
actual  number  of  lines  scanned  on  the  camera  image  or  CRT  phosphor  surface  are  less  than  the  number  of  scan  periods 
bec-iise  of  vertical  retrace  requirements.  The  lines  actually  scanned  ate  referred  to  as  the  active  lines. 

Two-dimensional  sampling:  Sampling  in  both  the  horizontal  and  vertical  directions. 

Ultraviolet:  Any  radiant  energy  within  the  wavelength  range  about  10  to  3K0  nm. 

Uncrossed  disparity  (see  diverging  disparity) 

Uniform  chromaticity  scale  (UCS);  A CIF  chrornaticity  diagram  designed  to  provide  a more  uniform  representation  of 
smallest  discriminable  color  diffciences.  Illustrated  in  Figure  5.2-1 1. 

Value  (in  the  Munsell  color  system):  A color  dimension  in  the  Munsell  system  corresponding  to  lightness  or  darkness. 

Variance:  A measure  of  the  variability  in  a set  of  observations.  Kqual  to  the  mean  of  the  square  of  the  diffi ' '.  nces  between 
the  observations  of  a random  variable  and  the  mean  of  the  observations  of  that  random  variable,  htiual  to  tlie  standard 
deviation  squared. 

Veiling  luminance:  A non-patterned  addition  of  liglit  to  the  image  such  as  to  occhide  the  scene  or  diminish  the  contrast  in 
the  image.  This  cotild  arise,  for  example,  in  situations  where  a briglit  light  to  one  side  precludes  the  perception  of  detail  in 
the  retnaining  portion  of  the  field,  or  through  the  diffuse  reflection  of  ambient  illumination  from  the  phosphor  surface  of 
a CRT. 

Vergence:  1.  The  angular  relationship  between  the  rays  of  light  from  a single  object  point.  Usually  expressed  in  diopters 
( 1 /apparent  distance,  in  meters,  to  the  source  of  the  light  rays).  2.  In  some  sources,  the  angle  between  the  visual  axes  of 
the  two  eyes.  In  this  handbook,  this  angle  is  referred  to  as  the  ■’eye  convergence  angle,”  not  as  vergence. 

Vernier  acuity:  Visual  acuity  based  on  Ihe  ability  to  detect  the  alignment  or  Ihe  nonalignmcnl  of  two  lines,  as  in  the  read- 
ing of  a vernier  scale. 

Vertex:  The  point  of  intersection  of  the  optical  axis  with  a refracting  or  reflecting  surface. 

Vertical  alignment:  The  vertical  position  of  two  images  relative  to  each  other.  Vertical  alignment  is  usually  expressed  as 
misalignment,  or  the  deviatiqn  from  a coi;dition  of  perfect  alignment  (see  Section  3.7.1 ), 

Vertical  aperture  equalization  (sec  aperture  equalization) 

Vertical  disparity  (defined  in  3. 7.4. 3) 

Vertical  phoria:  The  relationship,  in  the  vertical  direction,  between  the  visual  axes  of  the  two  eyes  in  the  absence  of  a 
binocularly  viewed  fixation  object. 

Vertical  resolution:  1.  Tlic  number  of  active  TV  lines.  2.  The  number  of  distinct  horiizonlal  lines,  aiternalely  black  and 
white,  that  can  be  seen  in  the  C'kT  image  of  a television  lest  pattern;  it  is  primarily  fixed  by  the  number  of  horizontal  lines 
used  in  scanning  and  by  the  Kell  factor  (see  Figure  4.1-6). 

Vertical  retrace:  The  return  of  the  electron  beam  to  the  (op  of  the  picture  tube  screen  or  the  camera  tube  target  at  the 
completion  of  the  field  scan. 

Vidicon:  A camera  tube  in  which  a charge-density  pattern  is  formed  by  photoconduction  and  stored  on  the  surface  of  the 
photoconductor  which  is  scanned  by  an  electron  beam,  usually  of  low-velocity  electrons. 

Viewing  distance:  The  distance  to  the  image  being  viewed.  Same  as  image  di.stance  in  a display.  Defined  for  aerial  image 
displays  in  Figure  3.6-1.  Usually  expressed  in  this  handbook  as  the  vergence  of  ihe  light  rays  entering  the  eye.  in  diopters. 
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Vignetting.  1 . A graduated  reduetiun  in  illumination  at  tlie  edges  of  an  image  due  to  a series  of  stops  in  the  lens  system 
selectively  blocking  oblkjuely  incident  light.  2.  lire  photographic  process  of  graihially  blending  the  piciurc  .with  the  sur- 
rounding ground. 

Virtual  image;  An  optical  image  that  cannot  be  received  on  a screen;  one  formed  by  the  backward  prolongation  of  diverg- 
ing rays  to  the  point  of  apparent  origin.  'I  lie  image  seen  by  the  user  of  an  aerial  image  display  is  usually  virtual. 

Visible  spectrum;  Tl.e  portion  of  the  electromagnetic  spectrum  which  contains  wavelengths  capable  of  sti'nulating  the 
retina,  appro:\imately  between  db!)  and  7(>()  nm 

Visual  acuity;  1.  Ability  to  resolve  or  separate  detail  in  a small  high  contrast  target.  2.  A unit  equal  to  the  reciprocal  of  the 
smallest  resolvable  target  detail  in  arc  minutes  (see  f igure  .f.1-12) 

Visual  angle;  The  angle  subtended  by  the  e'  treniities  of  an  object  at  the  entrance  pupil  or  other  point  of  reference  of  the 
eye. 

Visual  axis;  1.  Tlte  line  joining  the  point  of  fixation  and  the  anterior  (front)  nodal  point  of  the  eye.  2.  The  line  connecting 
the  fovea  to  the  point  of  fixation  and  passing  through  the  nodal  points  of  the  eye.  Since  it  connects  both  nodal  points,  it  is 
a broken,  not  a single,  straight  line.  In  practice,  the  two  nodal  points  a^e  regarued  as  coincident,  in  winch  case  it  is  a 
straight  line.  .1.  In  practice,  the  visual  axis  is  often  approximated  by  a line  connecting  the  fixation  point  to  the  center  of 
the  eye  entrance  pupil. 

Visual  field;  The  area  or  extent  of  physical  space  visible  to  an  eye  in  a given  position. 

Visual  spectrum;(sec  visible  spectrum) 

Vitreous  humor;  The  gelatinous,  colorless,  transparent  substance  filling  the  portion  of  the  eyeball  behind  the  lens.  Illus- 
trated in  Figure  3.1-1. 

Wavelength;  The  distance  in  the  line  of  advance  of  a wave  from  any  one  point  to  the  next  point  at  which,  at  tiie  same 
instant,  the  phase  is  the  same. 

White;  ( I ) An  achromatic  color  of  maximum  liglitness.  representing  one  limit  of  a series  of  grays.  (2)  The  visual  sensation 
typically  evoked  by  radiant  energy  with  the  spectral  distribution  approximating  normal  daylight.  (Note-  Spectral  distri- 
butions of  radiant  energy  that  appear  white  when  viewed  singly  can  appear  to  have  a distinct  hue  when  viewed  in  a side-by- 
side  situation.  Similarly,  a surface  that  appears  to  have  a low  saturation  hue  when  first  seen  may  appear  white  after  a 
period  of  continuous  viewing.) 

White  noise:  In  electronics,  unwanted  variations  in  signal  strength  (noise)  which  have  equal  power  for  each  frequency  over 
a specified  range  of  frequencies.  Also  called  Hat  noise. 

Working  distance:  1 . In  the  use  of  microscopes  and  other  optica!  devices,  the  distance  from  the  objective  lens  to  the  object 
viewed;  2.  The  distance  at  which  a display  operator  desires  or  is  requited  to  read  or  perform  other  essential  functions. 

Writing  speed  (CRT);  Line;rl  scanning  rate  of  the  beam  across  the  phosphor  surface  of  a CRT. 

Zoom  (magnification):  Continuously  variable  magnification,  as  opposed  to  magnification  variable  only  in  discrete  steps. 
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Aberration:  .V4-I.S.0 
astiiimatisni;  S.O 

as  cause  «'t'  poor  peripheral  vision:  3. 5-') 
in  displays:  3.4-3 
chromatic:  3.4-5 

typical  values  in  eye:  3.4-5 

as  cause  ot'imaj;e  displacement:  5.  l-‘),  5.2-3S. 

5.3-7 

as  cue  to  eye  when  changini!  accommodation: 
3.2-33 

■ when  viewing  anaglyphic  stereo:  5.1-13 
coma:  3.4-3 
distortion:  3.4-4.  8,0 

as  cause  of  image  curvature:  3.4-4 
electron  beam:  h.O 

as  a function  of  deflection:  4.1-18 
field  curvature:  3,4-3.  8.0 
spherical:  3.4-1 
in  eye:  3.4-2 
wavefront 

and  display  image  quality:  3.3-15 

Absorption  coefficient:  6.6-17,8.0 

Accommodation:  8.0 
amplitude 

-and  age:  3.6-4 

-and  display  depth  of  focus:  3.8-5 
-and  spectacle  use:  3.6-5,  3.9-3 
-limited  by  eye  convergence:  3.7-1 1 
and  automatic  focusing  devices:  3.8-9 
and  image  distance:  3.1-3,  3.6-2 
• normal  temporal  variation:  3.8-13 

relationship  to  convergence  angle:  3.7-10.  3.8-15 
response  to  change  in  image  distance:  3.8-14 
resting  state:  3.6-6 

-and  instrument  myopia:  3.6-8 
-and  visual  performance:  3.6-10 
similarity  in  the  two  eyes:  3.8-14 

Accommodative  amplitude  (and  age):  3.6-4,  8.0 

Accuracy  (contrasted  with  precision):  5.3-3, 8.0 

Achromatic  color  (definition):  5.2-3,  8.0 

Achromaticness:  5.2-3,  8.0 

Acoustic  noise 

acronyms  and  abbreviations:  6.6-2 
comfort  limits:  6.6-11 
communication  limits:  6.6-8 
computational  techniques:  6.6-3 
frequency  spectrum:  6.6-5,6.6-13 
frequency  weighting  curves:  6.6-5,  6.6-13 
measurement  band-width  correction:  6.6-5 
noise  exposure  (safety)  limits:  6.6-7 


noise  measurement:  6.6-18 
calibration:  6.6-18 
instrumentation.  6.6-18 
supporting  data:  6.6-19 
test  procedure:  6.6-18 
octave  bands:  6.6-6.6.6-13 
reverberation  and  absorption:  6.6-16 
safety  limits:  6.6-7 
units  and  calculations:  6,6-3 

Actinic:  6.8-1. 8.0 

Action  spectrum:  8.0 

Active  portion  ( of  TV  line):  4. 1 - 1 0,  8.0 

Active  TV  line:  4.1-10.8.0 
and  Kell  factor:  4.1-10,8.0 

Adaptation:  5.2-32,7.3-2,8.0 

Additive  color:  5.2-5,  8.0 

Aerial  image  display  (definition):  3.0- 1 , 3.6-2,  8.0 

Age 

and  accommodative  amplitude:  3.6-4 
and  illumination  requirements:  3.2-31 

Air  conditioning 

relative  humidity:  7.4-2 
temperature:  7.4-1 
ventilation:  7.4-1 

Airy  disc:  8.0 

and  Rayleigh  criterion:  3.3*7 
defined:  3.3-7 

in  relation  to  visual  performance:  3.3-9 

Alignment  (see  image  registration):  8.0 

Alphanumeric  symbols 
discrete  displays:  6.4-7 
for  cathode  ray  tubes  (CRT’s):  6.4-2 
Lincoln/Mitre  font:  6.4-2,  6.4-6 
Vartabedian  font:  6.4-3 

Alternate  noise  criterion  curve  (NCA):  bx  14,8.0 

Ambient  illumination:  7.3-1 , 8.0 

and  display  contrast  ratio:  4.4-33, 4.1-35 

as  a source  of  glare  and  veiling  luminance:  7.3-6 

quantitative  requirements:  7.3-2 

spatial  distribution:  7.3-5 

units:  7.3-1 

Anaglyph  (for  stereopsis):  5.1-13,  8.0 
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Auditory  displays  (see  secondary  displays) 


Analog  signal;  8.0 

Anamorphic  magnification  (for  stereo):  5. 1-13, 8.0 

Angular  subtense:  8.0 

Aniseikonia;  3.7-17.8.0 

Anisometropia;  3.8-3,  8.0 

Anode  potential  (CRT):  4. 1 -4,  8.0 
and  scan  line  luminance;  4.4-.S 
and  spot  luminance:  4.4-7, 4.4-1 1,4.4-12 
and  spot  si/.e;  4.4-5 
generation  of  X-rays:  4.4-7 

Anomaloscope;  5.2-22.  8.0 

Anomaly  quotient  (AQ):  5.2-22,8.0 

Anthropometry:  8.0 
chair  design:  7.2-' 
data:  6.1-2,  6.1-8.  6.0-3.  3.7-5 
workstation;  6.1-1 

Aperiodic  interlace:  8.0 

Aperture  (see  also  numerical  aperture,  pupil):  8.0 
equalization  in  TV;  4.4-28 

- and  signal  modulation:  4.4-28 

- and  signal-to-noise  ratio;  4.4-28 
-horizontal;  4.4-28 
-vertical;  4.4-28 

Aperture  grill  (CRT):  8.0 

Aperture  mask:  4.1-22,8.0 
and  CRT  luminance:  4.4-9 
and  horizontal  resolution:  4.4-22 
and  vertical  resolution:  4.4-22 
-shadow  mask:  4.4-22 
-slotted:  4.4-22 
-trinitron  (apeMure  grill):  4.4-22 

Aqueous  humor;  8.0 
location  in  eye:  3.1-2 
refractive  index:  3.1-5 

Artificial  eye  photometer:  3.2-16,  8.0 

Aspect  ratio  (CRT  or  TV  camera);  4.1-10,  8.0 
and  horizontal  resolution:  4.1-10,4.4-16 

Astigmatism;  8.0 

as  a cause  of  poor  peripheral  vision;  3.5-9 

as  an  aberration;  3. ‘'-3 

as  different  than  an  aberration;  3.4-3 

Audiometric  monitoring:  8.0 


B 

Backlash;  8.0 
defined;  3.8-6 

impact  on  performance:  6.2-5 
in  focus  mechanisms:  3.8-6 

Badal  principle;  3.8-10,8.0 

Bandwidth:  4.1-11,4.4-16,8.0 

and  horizontal  resolution'  4.4-16,  4.4-20 
and  interlace:  4.1-14,  4.2-9,  4.3-2 1 . 4.3-23 
and  image  movement;  4.4-20 
judged  image  quality;  4.3-58 
and  modulation  transfer;  4.4-20 
and  quantizing  levels 

- judged  linage  quality:  4.3-52 
and  spot  wobble;  4.3-23 
and  target  detection:  4.3-11 
and  target  recognition:  4.3  8. 4.3-9, 4.3-10 

Beam  current  (CRT) 

and  modulation  transfer  in  a shadow  mask  CRT: 
4.4-27,  8.0 

and  scan  line  luminance:  4.4-4 
and  scan  line  width:  4.4-4 

Beam  diameter 

and  beam  current;  4.4-11 
see  also  spot  diameter:  4.1-16 

Baudrate:  4.3-35,  8.0 
and  quantizing  levels 

-judged  image  quality  • 4.3-52 
and  signal-to-noise  ratio 

-judged  image  quality;  4.3-35 

Blanking  (CRT  and  TV  camera);  4.1-2 

Bezold-Briicke  phenomenon;  5.2-29,  8.0 

Bifocals:  8.0 

Binocular  displays;  8.0 

image  distance  match:  3.7-23 
image  luminance  match;  3.7-24 
image  quality  match;  3.7-23 
image  registration:  3.7-6 

-convergence  angle  (lateral  alignment):  3.7-10 
-lateral  disparity:  3.7-14,3.7-20 
-ro’.ation difference:  3.7-IS 
-size  difference:  3.7-17 
-terminology:  3.7-2 
-vertical  alignment:  3.7-8.3.7-19 
-vcitical  disparity;  3.7-12,  3.7-20 
interpupillary  distance  (IPD):  3.7-5 


microscope  focus  adjustment  data;  3.6-K 
superiority  over  monocidar  viewing:  3.7-4 
terminology:  3.7-2 

Biocular  displays:  X.O 
defined:  3.7-2 
distortion  limits:  3.4-4 

Blanking;  X.O 

Blemish;  X.O 

Blind  spot  (of  eye):  3.5-X.  X.O 
Bracketing;  X.O 
Break-even  voltage;  X.O 
Brightness  (see  luminance):  8.0 

c 

Cathode  ray  tubes:  8.0 

as  secondary  displays;  6.4-2. 6.7-1 
cathode  ray  storage  tubes:  8.0 
light  scattering,  internal:  4.4-30,4.4-31 
operating  principles,  black  and  white:  4.14 
operating  principles,  color:  •'  1-.2.  4.4-9 
safety  hazards:  6.8-1 2,  6. 8-U.  t.9-10 

CFF  (critical  flicker  frequency,  critical  fusion  frequency): 
3.242,8.0 

in  CRT  displays;  see  flicker;  8.0 
Chair  design;  7.2-1 

Character  style  (see  alphanumeric  symbols) 

Checkerboard  acuity  target;  3.1-13 
Chroma  (as  a color  dimension);  5.2-3,  8.0 
Chromatic  aberration  (see  aberration);  8.0 

Chromaticity 

CIE  diagram;  5.2-12,8.0 
coordinates;  8.0 
defined;  5.  9 

of  typical  colors;  5.2-15,5.2-18 
shifts  with  viewing  conditions:  5.2-27 
uniform  chromaticity  scale  (UCS):  5.2-14 

Chrominance  signal  (color  TV):  4.1-20,  8.0 

effect  of  differential  luminance-chrominance  signal 
delay  on  judged  image  quality:  4.3-78 

Chromostereopsis:  8.0 

effect  of  pupil  displacement:  5.2-38 
in  photogrammetry  (mensuration):  5.1-9,  5.3-7,  8.0 
typical  values;  5.2-38 


CIE  (Commission  Internationale  de  I'Eclairage):  X.O 

CIE  chromaticity  system  (see  chromaticity):  8.0 

Classification  (interpreter  performance) 

military  vehicles  (transparency):  4.3-16,  4 3-18 
obliquity  (transparency):  4.3-16 
photo  I’s  scanned  transparency:  4.3-18 
resolution  (transparency) 

ground  distance  per  line  pair:  4.3-18 
scan  lines  per  target  (transparency):  4.3-16 
self-propelled  guns  (transparency):  4.3-16 
stereo  vJ  mono  (transparency);  4.3-18 
support  vehicles  (transparency);  4.3-16 
tanks  (transparency):  4.3-16 
trucks  (transparency):  4.3-16 

Cobb  2-bar  test  target:  3.1-13 

Coherent  illumination;  3.249,  8.0 

Collateral  material;  8.0 

need  for  integration  into  the  display:  7.1-2 

Collimation  (in  terms  of  divergence  of  the  light  from  a 
source);  3.2-49.8.0 

Collimated  luminaire;  7.3-7,  8.0 

Color;  8.0 

adaptation:  5.2-32,8.0 

additive  mixture:  5.2-5 

and  electromagnetic  spectrum;  5.24,  8.0 

and  illuminant  spectral  distribution;  3.2-39,  5.2-25, 

5.2-33 

Bezold-Brucke  phenomenon:  5.2-29, 8.0 
blindness  (see  color  defect):  8.0 
cathode  ray  tube:  4.1-22,4.4-22,  8.0 
cathode  ray  tube  imagery 
-and  dither:  8.0 
judged  image  quality;  4.3-53 
-and  black  and  white  compared 

judged  image  quality:  4.3-53, 4.3-64 
-and  quantizing 

judged  image  quality;  4.3-53 
change  with  viewing  conditions:  5.2-27 
chromaticity  of  typical  colors:  5.2-15,5.2-18 
CIE  chromaticity;  5.2-8,  8.0 
color  matching  precision:  5.2-26,  5.2-34,  8.0 
contrast:  3.240 

color  matching  precision:  5.2-26,  5.2-34,  8.0 
contrast:  3.2-40 
defect:  5.2-22,8.0 

-and  secondary  display  visibility;  6.4-8 
-testing:  5.2-22 

discrimination  index  (CDI):  3.2-38, 8.0 
discrimination  testing:  5.2-24 
field  size:  3.5-8,  8.0 
hue;  5.24 


in  identifying  controls:  6.3-3 

in  photograinmetry  (mensuration)  (see 

cliromostereopsis) 

metamerism;  5.2-20 

Munsell  system:  5.2-7 

names  for  self-luminous  colors:  5.2-18 

observer  differences  in  color  matches;  5.2-34 

optimum  luminance  for  viewing:  3.2-36, 5.2-2V 

perception  and  luminance:  3.2-36,  5.2-20 

picture:  8.0 

preference  index  (CPI):  3.2-38,8.0 
primaries:  5.2-5 
purity:  5.2-13 

rendering  index  (CRl):  3.2-38,  8.0 
space 

-CIE  chromaticity:  5.2-8 
-for  electro-optical  displays:  5.2-19 
-subjective:  5.2-6 
subtractive  mixture;  5.2-5 
surface  color  limits  (gamut);  5.2-17 
surround  hue  and  saturation:  5.2-31 
surround  luminance;  5.2-30 
target  and  surround  luminance:  5.2-31 
target  detection:  5.2-25 
target  luminance:  5.2-29 
target  size;  5.2-28 

temperature  of  illuminant;  3.2-38, 3.241, 5.2-16,  8.0 
television 

-cameras:  4.1-20 

-cathode  ray  tube;  4.1-22, 4.4-9,  8.0 
-chrominance  signal;  4.1-20,4.3-78 
-interpreter  performance  (see  under  specific  type) 
-luminance  signal : 4. 1 -20, 4.3-78 
-sequential  ..  /stems:  4.1-24 
terms  and  basic  c.,  ^/cepts:  5.2-3 
use  in  anaglyphi.  uerco'  5.1-13 
variability  in  coloi  n,.-  5.2-35 
vision  testing:  5.2-2! 
visual  field:  3.5-8 
visual  matching;  5.2-26 
wheels:  5.2-6,  8.0 

Coma  (see  a'aerration);  8.0 

Comparator 
backlash:  5.3-6 
effect  of  color:  a.J-7 
field  size:  5.3-5 

image  translation;  3.10-1,5.3-5 

magnification;  5.3-3 

pointing  precision:  5.3-3 

precise  image  positioning;  3.10-12 

reticle:  5.3-8 

units:  5.3-1 

warning  labels:  5.3-9 

Complementary  wavelength:  5.2-13 

Composite  video  signal:  8.0 


Computer  interface:  6.7-1 
keyboards:  6.2-15,6.7-3 
light  pens:  6.7-1, 6.7-4 
system  response  time;  6.7-5 
voice  input;  6.7-4 

Conductance:  8.0 

Cone:  3.1-2,  3.5-7,  8.0 

Cone  blindness  (see  congenital  total  color  blindness) 

Congenital  total  color  blindness:  5.2-23,  8.0 

Conjunctiva  (injury  from  ultraviolet  radiant  energy): 

6.84,  8.0 

Contrast:  8.0 

cathode  ray  tube  display:  8.0 

-and  ambient  illumination:  4.4-33, 4.4-34,  8.0 
-and  reflected  light;  4.4-33, 4.4-34 
-and  color  phosphor  matrix:  4.4-9 
-and  scattered  light;  4.4-30,4.4-31 
-and  visual  detection  thresholds  for  cyclical 
targets;  4.349 

-number  of  steps  visible  as  a function  of 
luminance:  4.4-25 

-visibility  and  quantizing  levels:  4.4-25 
-visual  thresholds  for  adjacent  rectangles  as  a 
function  of  luminance:  4.3-50 
-visual  thresholds  for  cyclic  targets  as  a function 
of  luminance:  4.349 
defined  and  units  used:  3.1-10 
effect  on  acuity:  3.1-19 
ratio:  8.0 

-and  ambient  illumination:  4.4-33,4.4-35 
-and  reflected  light:  4.4-33, 4.4-35 
-and  scattered  light:  4.4-30,4.4-31 
-and  target  recognition:  4.341,4.344 

Contrast  threshold:  8.0 

and  a nonuniform  background:  3.1-35 

and  age:  3.2-31 

and  eye  pupil  size:  3.1-33 

and  illumination;  3.2-21,8.0 

and  quantizing  levels;  4.4-19 

and  target  orientation;  3.1-32 

for  cathode  ray  tube  displays:  4.349, 4.3-50 

for  cyclical  targets:  3.1-19 

for  noncyclical  targets:  3.1-15,  3.1-17 

for  special  target  shapes;  3.1-29 

Control/display  layout:  6.3-1 
control  setting  indication:  6.34 
direction  of  motion  stereotypes:  6.34 
identification:  6.3-3 
location:  6.1-7  througlx  6.1-10, 6.3-1 
time  lag  between  control  input  and  display  output; 
6.3-6, 6.7-5 
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Controls 

accidental  activation:  1 .0-9,  6..^-6 
cranks:  6.2-3 
- velocity:  6.2-3 
work  output:  6.2-4 
damage:  1.0-10,6.3-6 
foot  pedal:  6.2-9 

foot  pushbutton  (discrete):  6.2-16 
joystick:  3.10-9,3.10-12,6.2-2 
keyboard:  6.2-l.S,  6.7-3 
knob  (continuous):  6.2-5 
knob  (discrete):  6.2-11 
legend  switch  (pushbutton):  6.2-14 
'ever:  6.2-2 
lever  wheel:  6.2-12 
linear  slide:  6.2-9 
pushbi  'ton:  6.2-14 
pushbut  .on  wheel:  6.2-12 
rocker  switch:  6.2-13 
thumbwheel  (continuous):  6.2-8 
thumbwheel  (discrete):  6.2-1 1 
toggle  switch:  6.2-13 
trackball:  3.1012.6.2-3 

Convergence  (eye) 

and  accommodation:  3.7-1 1 , 3.8-15 
in  stereopsis:  5.1-6,  5-1-7 
in  unaided  stereo:  5.1-13 
not  required  for  stereopsis:  5.1-1 

Convergence  (CRT  beam):  8.0 

Convergent  stereo  photography:  8.0 

Converging  disparity:  3.7-14, 5.1-3, 8.0 

Cornea:  3.1-2,  6.8-4,  8.0 

Critical  angle:  4.4-30,  8.0 

Critical  flicker  frequency  (see  CFF,  flicker):  8.0 

Critical  fusion  frequency:  8.0 

CRT  (see  cathode  ray  tube):  8.0 

Crystalline  tens:  3.1-2,  6.8-7, 8.0 

Cyclic  banding:  4.3-74,  8.0 

D 

dB  (see  decibel):  8.0 

Dead  voltage  (CRT):  4.4-5,  8.0 

Decay  (phosphors):  4.1-26 
time:  4.1-26 


Decibel  (defmed):  6.6-3,  8.0 

Deflection  angle  (electron  beam):  8.0 

and  aberrations  in  the  electron  beam:  4.1-18 
defined:  4.1-2, 4.1-4 
effect  on  spot  shape:  4.1-18 
resolution  (TV  camera  and  CRT):  4.1-18 

Demand  modulation  of  film:  3.3-16 

Density:  8.0 

of  black  and  white  film:  3.2-19 

of  color  film:  3.2-19 

impact  on  image  luminance:  3.2-13 

Depth  of  field:  8.0 
of  display:  3.8-5 
of  eye:  3.8-11 

Depth  of  focus  (defined):  3.8-1, 8.0 
Depth  perception  (see  stereo) 

Detection  (interpreter  performance) 

bandwidth:  4.3-11 

color  vs  black  and  white  (CRT):  4.3-64 

contrast,  target/background  (CRT):  4.3-48, 4.3-64, 

4.3-67 

height,  relative  (transparencies):  4.3-19 
military  vehicles  (CRT);  4.3-12, 4.3-13, 4.3-64 
orientation  of  military  vehicles  (transparency):  4.3-18 
resolution  (CRT):  4.3-48 
-horizontal:  4.3-11 
-vertical:  4.3-11 
response  time 

-display  dynamic  range  (CRT):  4.3-44 
-display  size  (CRT):  4.3-67 
-resolution  (CRT):  4.3-11,4.3-12 
- scale  of  image  on  TV  camera:  4.3-13 
—scan  lines  per  target  (CRT):  4.3-13 
-target  size:  4.3-67 
tank  (CRT):  4.3-11 

Deuteranomaly:  5.2-23,  8.0 

Deuteranopia;  5.2- 23, 8.0 

Dichroic  mirror  in  color  television  camera:  4. 1 -20, 8.0 
Dichromatism;  5.2-23,8.0 
Different-a!  delay 

luminance  and  chrominance  signals  (TV) 

-effect  on  judged  image  quality:  4.3-78 

Differential  encoded  pulse  code  modulation:  4.4- 1 9, 8.0 
and  judged  image  quality;  4.3-52 
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Differential  gain  (TV) 
and  dilTerential  phase 

effect  on  image  quality  judgments:  4.3-7‘),  K.O 

Differential  phase:  S.O 
and  differential  gain 

-effect  cn  image  quality  judgments:  4.3-79 

Differential  pulse  code  modulation  (see  differential 

encoded  PCM) 

Diffraction:  8.0 

Aiiy  disc:  3.3-7,  8.0 

and  visual  performance:  3.2-34 

limit:  3.3-5,  8.0 

Digital  system  (electro-optical):  4.4-19, 8.0 
and  modulation  transfer  and  resolution:  4.4-19 

Diopter  (defined):  3.1-3,  8.0 

Diplopia:  3.7-8,3.7-10,8.0 

Disparity  (double  vision):  8.0 
iateral 

-as  a cause  of  the  sensation  of  depth:  3.4-4,  5.1-3 
-crossed  (converging)  and  uncrossed  (diverging): 
3.7-12,5.1-3 
-lateral:  3.44 
-limits:  3.7-14.5.1-11 
-related  to  object  height:  S.1-7, 5.1-8 
-related  to  parallax:  5.1-3 
vertical:  3.7-12 

Display  field:  8.0 
curvature:  3.4-3 
size:  3.5-1, 3,5-3,  5.3-5,  5.4-6 
-and  eye  rotation:  3.5-12 
-and  search  performance:  3.5-15 
-and  vision:  3.5-14 

Display  size  (CRT) 
and  target  size 

-response  time:  4.3-67 
-target  detection:  4.3-68 
-vehicle  detection:  4.3-67 
and  contrast 

-response  time:  4,3-67 
-vehicle  detection:  4.3-67 
and  scan  lines  per  target 
-target  detection:  4.3-68 

Diirplay  system  bandwidth  (see  bandwidth) 

Distortion:  3.4-1, 8.0 

and  image  curvature:  3.4-4 

Dither:  4.3-54,8.0 
and  quantizing  levels 

-judged  image  quality:  4.3-54 


Diverging  disparity  (see  uncrossed  lateral  disparity) 

Dominant  wavelength:  5.2-13,8.0 

Dot  interlacing  (CRT’s  and  Television  cameras):  8.0 
and  flicker:  4.2-8,4.2-18 
defined:  4.2-2 

Dwell  time  (CRT)  defined:  4.4-6,  8.0 
and  line  luminance:  4.4-6 

Dynamic  convergence  (color  CRT):  4.1-22,  8.0 
and  color  purity:  4.1-22 

Dynamic  focusing:  8.0 

Dynamic  range:  8.0 

E 

Echo  (TV):  8.0 

effect  on  judged  image  quality:  4.3-77 

Edge  sharpening  (CRT  image):  8.0 
and  signal-tf)-noise  ratio:  8.0 
-target  recognition:  4.3-65 

Effective  temperature:  7.4-1 , 8.0 

Effectivity  ratio  (of  eye  pupil):  3.2-7,  8.0 

Electromagnetic  spectrum  (in  relation  to  visible 

spectrum);  5.24, 8.0 

Electron  beam;  4.1-2,4.14,8.0 

effect  of  beam  current  on  diameter:  4.4-1 1 

Electron  gun:  4.1-2,4.14,8.0 

Emmetropia  (“normal  vision’’):  8.0 
assumed  of  display  user:  1 .0-1 
defined:  3.8-2,  8.0 

Entrance  pupil  (of  the  eye);  8.0 
and  vignetting  of  image:  3.5-12,8.0 
compared  with  real  pupil:  3.1-7,  8.0 
location:  3.1-7 
size 

-and  depth  of  field;  3.8-1 1, 3.8-12,  8.0 
-and  eye  accommodation  variation:  3.8-13,  8.0 
-and  di.splay  image  luminance:  3.2-13 
-and  retinal  illuminance:  3.2-5,  3.2-10 
-and  vision;  3.1-31,3.2-34,3.3-8 
-changed  by  luminance;  3.2-5 
-changed  by  other  factors:  3.2-6 
-effective  (due  to  Stiles-Crawford  effect):  3.2-7, 
8.0 

-rate  of  change:  3.2-6 
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Errors  of  commission:  8.0 


Enors  of  omission:  8.0 
Esophoria:  8.0 

Exit  pupil  (of  display)  (also  see  entrance  pupil  of  eye): 

8.0 

locution  in  aerial  image  display:  3.6-2 
si/.e 

- and  ability  to  resolve  details  in  image:  3.3-9 
and  diffraction  limit  on  resolution:  3.3-7 

- and  image  luminance:  3.2-13,  8.0 

- and  size  of  Airy  disc:  3.3-7, 8.0 

-in  relation  to  magnification  and  numerical 
aperture:  3.3-5 

- in  typical  displays:  3.3-6 

Exophoria  (see  pE aria):  8.0 
Eye 

point  (location  in  space):  6.1-4,6.1-7,6.1-10 
-anthropometric  limits:  6.14 
pupil  (see  entrance  pupil  of  eye) 
relief:  3.9-2,  8.0 
rotation 

-and  field  size:  3.5-12 
-and  vignetting  of  image:  3.5-12 
-comfort  limits:  3.5-13 
-geometry:  3.1-7 
structure:  3.1-2 

-center  of  rotation:  3.1-7 
-dimensions:  3.1-5, 3.1-7 
-reduced  schematic:  3.1-6 
-refractive  indices:  3.1-5 
-schematic:  3.1-5 

Eyepiece:  3.9-1, 8.0 

elevation  angle:  6.14,6.1-5,8,0 
-effect  on  eyepoint:  6.1-5 
-preferences:  6.1-5, 6.1-6 
eye  relief:  3.9-2, 8.0 
face  clearance:  3.9-5 
focusing 

-range:  3.8-2 
-mechanism:  3.8-7 
limits  on  size:  3.9-2,  3.9-5 
surface  finish:  3.9-1 

F 

Face  clearcnce  (see  eyepiece) 

Facilities 

air  conditioning:  7.4-1 
chair  design:  7.2-1 
illumination:  7.3-1 
layout;  7.1-2 
passage  dimensions:  7.1-2 
relative  humidity:  7.4-2 
temperature:  7.4-1 
ventilation:  7.4-1 


Field 

curvature:  3.4-3,  8.0 
depth  of:  8.0 
-defined:  3.8-1 
-display:  3.8-5 
-eye:  3.8-11 

size  (see  display  field,  visual  field) 
television 

-dot  interlace:  4.2-2,  8.0 

-dot-line  interlace:  4.2-2, 8.0 

-for  2:1  interlace:  4.1-14,8.0 

-high  order  interlace:  4.2-2, 8.0 

- scanning  (soquentia'  color  system):  4.1-24,  8.0 

Fixation  point  (defined):  3.1-2,  8.0 

Filters,  light 

use  of  to  increase  display  contrast:  4.4-35 

Flash  (see  primary  flash):  8.0 

Flicker  (CRT)  (see  also  CFF):  3.242,  8.0 
and  beam  modulation:  4.2-15,  8.0 
-frequency;  4.2-13,4.2-15 
and  field  rate:  4.2-7 
and  flash  (phosphor):  4.2-1 1, 8.0 
and  frame  rate:  4.2-7,  8.0 
and  ii  rlace,  general:  4.2-2,  8.0 
-line-dot:  4.2-8, 4.2-19  to  4.2-24 
-NTSC  2:1:  4.2-7 
-sequential:  4.2-17 
-staggered;  4.2-17 
-high  order  line : 4.2- 1 7 

and  luminance  (phosphor):  4.2-7, 4.2-1 1, 4.2-12,  8.0 

and  phosphor  persistence:  4.2-8, 4.2-1 1,4.2-13,  8.0 

and  phosphor  type:  4.2-8,4.2-11,4.2-13 

and  refresh  rate:  4.2-9, 4.2-1 1, 8.0 

interline:  4.2-1, 8.0 

large  field;  4.2-1, 8.0 

sequential  color  systems:  4.1-24 

small  field:  4.2-1 

Pluorcscence:  8.0 

of  eye  in  ultraviolet:  3.2-35 
of  phosphors  (CRT):  4.1-26 

Focus 

automatic;  3.8-9 
control:  3.8-1, 8.0 
-backlash:  3.8-6 
-differential:  3.8-7 
-primary:  3.84 
-range:  3.8-2 
voltage  (CRT) 

-effect  on  MTF:  4.4-28 
depth  of  (defined):  3.8-1, 8.0 

Font  (see  alphanumeric  symbols) 
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Fovea:  .VI -2.  8.0  Hue:  5.2-4,  8.0 

defined:  .Vl-2  and  luiiiii’ance:  5.2-2‘> 

receptors:  ,1.5-7  and  wavelength:  5.24 

vision:  .V5-10,  8.0  as  a dimension  of  color:  5.2-3 

Foveal  vision:  8.0  HUD  (see  head-up  display):  8.0 


Frame  (TV):  8.0 

color  (sequentially  interlaced  color  system):  4.1-24 
dot  scan  systems:  4.2-2 
NTSC  TV  system:  4.1-14 

G 

Gamut:  8.0 

effect  on  visual  performance:  3.2-39 
of  colors:  5.2-17 

Gaussian  distribution:  8.0 

Glare:  8.0 

sources:  3.2-50,  7.3-6 

effect  on  visual  performance:  3.2-52 

Glossiness:  8.0 

Grain 

in  film:  3.3-16 

not  included  in  estimates  of  useful  magnification: 
3.3-2 

Grating  test  target  (illustrated):  3.1-13 

Gray  scale:  8.0 

Gray  shades  (CRT):  8.0 

and  display  contrast  ratio:  4.343 
and  signal-to-noise  ratio:  4.343 

Ground  distance  shown  ot>  imagery:  3.5-6,  8>0 

H 

Height  detection  (interpreter  performance) 

photo  vs  line  scan  (transparency):  4.3-19 
resolution 

-ground  distance  per  line  pair  (transparency): 
4.3-19 

stereo  vs  mono  (transparency):  4.3-19 

Height  discrimination  (aee  stereo  depth  perception):  8.0 

Horizontal  resolution  (CRT):  8 0 
and  bandwidth:  4.1-14,4.4-16,8.0 

Horizontal  retrace:  8.0 
defined:  4.1-2 
time:  4.1-14 


Hyperopia  (defined):  3.8-2,  8.0 

Hyperphoria  (see  phoria,  vertical):  8.0 

I 

Identification  (interpreter  performance) 
aircraft  (CRT):  4.3-5 

-orientation  (CRT):  4.3-5 
military  vehicles  (CRT):  4.3-62 
military  vehicles  (transparency):  4.3-16 
obliquity  (transparency):  4.3-16 
scan  lines  per  target  (CRT):  4.3-5 
scan  lines  per  target  (transparency):  4.3-16 
self  propelled  guns  (transparency):  4.3-16 
signal-to-noise  ratio:  4.3-26 
support  vehicles  (transparency):  4.3-16 
tanks  (transparency):  4.3-16 
trucks  (transparency):  4.3-16 
visual  angle  subtended  by  target  (CRT):  4.3-5 

lES  (see  Illuminating  Engineering  Society):  8.0 

Illuminance:  8.0 
retinal 

-conversion  graphs:  3.2-10 
-determinants:  3.2-5,3.2-13 
sensor:  3.24 
units:  3.2-5,  7.3-1 

illuminance  sensor:  8.0 

llluminants  A,  B.orC:  8.0 

Illuminating  Engineering  Society:  8.0 

Illumination:  3.2-1 
ambient:  7.3-1, 8.0 

-effect  on  CRT  image  contrast:  4.4-35 
and  age:  3.2-31 

and  search  performance:  3.2-29 
and  visual  performance:  3.1-37, 3.2-22 
area  illuminated:  3.247 
divergence  and  coherence:  3.249 
glare:  3.2-50,  7.3-6,  8.0 
-on  CRT  faceplate:  4.3-33 
interaction  with  task  difficulty:  3.2-28 
interpreter  preferences:  3.2-30 
light  table  area  to  be  illuminated:  3.247 
preferred  in  microscope:  3.2-30 
spatial  variation:  3.2-47 
spectral  distribution 

-and  color  vision:  3.2-36,  5.2-26,  5.2-33 
-and  visual  performance:  3.2-33 
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source  A,  B.  (':  5.2-16 
Knip'i'-jl  variation:  3.2-42 
veiling  luminance:  3.2-54,  7.3-3 

on  CRT  faceplate:  4.4-33,  4.4-35 
visual  performance:  3.1-37,  3.2-22 

Image;  8.0 

curvature  and  distortion:  3.4-4,  4.1-1  8,  8.0 

defects:  8.0 

distance:  3.6-1. 8.0 

Held  size:  3.5-1 

luminance 

-level:  3.2-21 
spatial  uniformity:  3.2-48 
temp.ual  imifotmity:  3.2-42 
movement  (see  image  movement) 
quality:  3.3-7,  3.3-9,  3.3-10.  3.3-15 
registration  in  monoscopic  displays:  3.7-6,  8.0 
lateral  alignment:  3.7-10 
lateral  disparity:  3.7-14,3.7-20 

Image  movement  (CRT) 
and  bandwidth 

-judged  image  quality:  4.3-58 
across  raster  lines 

- detect  grating  orientation:  4.3-62 
identify  military  vehicles:  4.3-62 
along  raster  lines 

-detect  Landolt  ring  orientation;  4.3-60 
-detect  grating  orientation:  4.3-62 
image  unsteadiness 

-judged  image  quality;  4.3-63 
speed  of  movement 

-detect  landolt  ring  orientation:  4.3-60 
-detect  target;  4.3-63 
-identify  military  vehicles;  4.3-62 
-rotation  difference;  3.7-15 
-size  difference:  3.7-17 
-terminology;  3.7-2 
-vertical  alignment:  3.7-8,3.7-19 
-vertical  disparity:  3.7-12,  3.7-20 
registration  in  stereoscopic  displays:  3.7-19 
retinal  size;  3.1-6 
size  units:  3.1-8,  3.1-9.  3.5-3 
space:  8.0 

translation  and  rotation;  3.10-1 

-controls:  3.10-9,3.10-12,3.10-16 
-geometry:  3.10-2 

-linear  and  angular  velocity  conversion:  3.10-2 
-motion  and  vision;  3.10-3 
-motion  direction  control:  3.10-16 
-precise  positioning;  3.10-12 
-rotation  and  interchange:  3.10-i-'t 
-translation  in  comparator:  3.10-1 2,  5.3-5 
unsteadiness 

-judged  image  quality:  4.3-63 
velocity  requirements:  3.10-6 

Image  orthicon;  8.0 


Imagery  scale  (see  photographic  scale):  8.0 

Index  of  refraction;  8.0 

of  eye;  3.1-5 

relative  and  absolute  defined:  8.0 
Indicator  lights  (as  secondary  displays);  6.4-9 
Infrared  safety  limits:  6.8-8,  6.8-1 1 
Instrument  myopb;  3.6-8,  8.0 
Interlace:  8.0 

and  bandwidth;  4.1-14, 4.3-21 , 4.3-23 
and  contrast  ratio,  4.3-21 
and  field  rate:  4.3-21 

and  flicker:  4.2-2.4.2-7.4.2-9.4.2-17  througli  4.2-24 

and  line  crawl:  4.2-1 

and  scintillation:  4.2-1, 4.2-2 

and  snow;  4. 2-1, 4. 2-2 

and  spot  wobble:  4.3-23 

aperiodic;  4.2-2 

combined  vertical  and  horizontal:  4.1-14 
defined:  4.1-14 
dot:  4.2-2.  8.0 

high  order:  4.1-14, 4.2.2  through  4.2-24 

line-dot:  4.2-5 

NTSC  2:1:  4.2-3 

periodic:  4.2-2 

sequential:  4.2-2 

staggered:  4.2-2 

Interline  flicker  (see  small  field  flicker);  8.0 
Interlocks;  8.0 

liitermediate  image;  3.6-2, 8.0 

Internal  reflection 

in  CRT  faceplates;  4.4-.30, 4.4-3 1 
in  optical  displays:  3.2-54 

Interpreter  performance 

see  the  following  index  entries: 

-classification 

-detection 

-heiglit  detection 

-identification 

-recognition 

-response  time 

-search 

Interpupillary  distance  (IPD):  8.0 
population  range:  3.7-5 
and  eyepiece  size  limit;  3.9-2 

IPD  (see  interpupillary  distance) 

Iris:  3.1-2,  8.0 
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Isomeric  color:  5.2-20 


\ 

\ 


J 

Jitter:  8.0 

optical  line  scan  printer:  4. .^-74,  8.0 
effect  on  judged  image  quality:  4.3-74,4.3-76 

Jump  scan:  4.2-8,  8.0 

Just  noticeable  difference:  8.0 

Just  perceptible  difference  (see  just  noticeable 
difference:  8.0 

K 

Kell  factor:  8.0 

and  horizontal  resolution:  4.1-5,4.1-10 

Kelvin  scale  (for  color  temperature):  8.0 

Keratoconjunctivitis  (see  photokeratitis):  8.0 

Keyboard  (see  controls) 

for  computer  interface:  6.7-3 
format:  6.2-15,6.3-5 
manual  data  entry  rate:  6.7-2 

L 

Labels:  6.5-1, 6.9-1 
character  design:  6.5-2 
content:  6.5-1 

dependence  on  lighting:  6.5-2 
electrical  hazards:  6.8-14 
for  maintenance:  6.9-1 
location:  6.5-1 
purpose:  6.5-1 
spacing:  6.5-2 

warning  for  comparators:  5.3-9 

Lag  (see  thu^  field  lag):  5.3-9 

Lambertian  radiator:  8.0 

Landolt  ring  (defined):  3.1-9,  3.1-13, 8.0 

detection  of  gap  orientation  in  moving  CRT  display: 

4.3-60 

Large  field  flicker:  4.2-2,  8.0 
Laser  beam  recorder:  4.1-30,8.0 
Lateral  alignment  (see  image  registration):  8.C 
Lateral  disparity  (see  image  registration):  8.0 
LBR  (see  laser  beam  recorder):  8.0 


Lens  (of  the  eye):  3.1-2.  8.0 
dimensions:  3.1-5 
function:  3.1-3 
rcIVactive  index:  3.1-5 

Light  (defined):  3.2-1, 8.0 

Light  emitting  diode:  6.4-7 

Light  pen:  6.7-1, 6.7-4,  8.0 

Lightness  (defined):  5.2-3,  5.2-6,  5.2-7,  8.0 

Lincoln/Mitre  font  (see  alphanumeric  symbols):  6.4-2, 

6.4-6 

Line  crawl:  4.2-1, 8.0 
and  interlace:  4.2-2, 8.0 

Line  frequency:  8.0 

Line  luminance:  4.4-1 , 4 4-6, 4.4-7,  8.0 

Line  number  (TV)  (see  TV  lines):  8.0 

Line  pairing:  4.4-23,  8.0 

effect  on  vertical  resolution  a;.d  modulation  transfer 

4.4-23 

Line  raster:  4.1-2,  8.0 

Line-scan  image  generator:  4.1-30 

Line-scan  period:  4.1-10 

Line-scan  system:  4.1-2 

Line-scan  transparencies:  4.3-17,8.0 

and  vehicle  classification  and  identification:  4.3-1 7, 
4.3-18 

and  height  discrimination:  4.3-19 
Linear  interpolation:  8.0 
Line-spread  function;  8.0 
Long-persistence  phosphor:  8.0 
Line  width  (see  scan  line  width) 

Luminaires  (to  produce  ambient  illumination):  7.3-5 
Luminance;  8.0 

and  colo'  perception;  3.2-36,  5.2-26 
and  color  target  detection:  5.2-25 
and  depth  of  field  of  the  eye:  3.8-1 1 
and  visual  performance;  3.1-37,  3.2-22 
calculated  from  illuminance;  7.3-1 
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cutiioile  ray  tube 

and  apertnre  masks:  4.4-‘),  X.O 
and  beam  current : 4.44, 4.4- 1 1 , 4.4- 1 2 
and  electron  beam  locus:  4.4-1 1 , 4.4-1  2 
and  phosphor  diickncss:  4.4-7 
and  phosphor  type:  4.4-b,  4,4-7,  4.4-1 1, 4.4-12 
and  rel'resh  rate:  4.4-7,  S.O 
and  scan  line  spacing:  4.4-.1 
and  writing  speed:  4.4-b,  S.O 
line  luminance:  4.44,  •♦.4-.“',  4.4-(>,  4.4-7,  8.0 
nonunit'ormities:  4.4- 1 
raster  luminance:  4.4-11,4.4-12,8.0 
spot  luminance:  4.4-1 1,4.4-12 
display  image:  d.2-12 

distribution  in  a diffraction-limited  image:  ,t..1-7 
factor  in  description  of  color:  .S.2-.^ 
sensor:  .V2-4,  ,?.2-lb.  8.0 
signal  (color  TV);  4.1-20 

effect  of  differential  luminance-chrominance  signal 
delay  on  judged  image  quality:  4.3-78 
spatial  variation;  3.247 
speciral  distribution 

and  color  vision;  3.2-3b,  5.2-2b,  5.2-33 
and  visual  performance:  3.2-33 
target  and  surround,  effect  on  color;  5.2-2‘f 

Luminescence  (phosphor);  4.1-26 

Luminosity 

function  (of  eye):  3.2-2.  5.2-10,  8.0 
related  to  spectral  tristimulus  value:  5.2-10 

Luminous  efficiency  (of  phosphors);  4.1-26, 8.0 

Luminous  energy 

various  sources:  3.2-3, 6.8-3, 6.8-10 
Luminous  flux:  8.0 
Luminous  intensity;  8.0 
Luminous  power;  8.0 

M 

Magnification 

and  Airy  disc  size:  3.3-7 
and  diffraction  limit;  3.3-5 
and  magnifying  power:  3.3-3 
definition:  3.34 

efect  on  modulation  sensitivity  for  the  eye/display 

combination:  3.3-12 

empty;  3.3-5 

for  search;  6.4-2 

for  viewing  imagery':  3.3-2 

in  comparators:  5.3-3 

required  foi  specific  object  contrast  and  spatial 
frequency:  3.3-14 
useful  magnification:  3.3-5,  3.3-6 
zoom  system  versus  discretr  steps:  3.3-2 


Magnifying  power;  8.0 
defined  3.3-3 

relationship  to  screen  viewing  distance;  3.5-5 

Maintainability;  6.6-1 
access:  6.6-3 

calibration  and  adjustment:  6.6-10 
circuit  protective  devices;  6.6-9 
connectors:  6.6-6 
disassembly  and  reassembly.  6.6-2 
fasteners:  6.6-8 
handling  of  equipment:  6.9-8 
hazards:  6.6-1.6.6-10 
information:  6,6-1 

preventive  maintenance:  6.9-10,6.6-3 
test  points:  6.9-2 

Manuals:  6.10-1 
content;  6.10-1 
all  manuals:  6.10-1 
maintenance  manuals:  6.10-2 
operating  manuals:  6.10-1 
development:  6.104 
formal  and  style:  6.10-2 
typical  manual  deficiencies:  6.10-3 

Mark-sense  input  (data  rate);  6.7-2.  8.0 

Mean  (arithmetic);  8.0 

Median;  8.0 

Megahertz;  8.0 

Mensuration:  5.3-1 , 8.0 

Mesopic  vision;  3.2-2,  8.0 

Metameric  color:  5.2-20.  8.0 

Microscope  (see  parameter  desired,  such  as  display  field 
sice,  image  distance,  image  quality,  luminance, 
magnification) 

alternatives  in  differential  focus  adjustment:  3.8-7 
as  an  aerial  image  display;  3.0-1 
path  followed  by  light  rays  in:  3.6-2 

Microstereoscope;  8.0 

Mode;  8.0 

Modulation 

as  a type  of  contrast.  Cp,:  3.1-10 

conversions:  3.1-10 

defined:  3.1-10 

in  electronic  signals:  4.1-1 2 

ripple  (CRT);  4.4-3,4.4-21,8.0 

sensitivity  of  the  eye  (as  a function  of  spatial 

frequency):  3.1-19 


temporal;  3.2-44 

threshold  (of  the  eye);  3. 1-1 7,  3. 1-I4 
transter  t'aetvpr:  3.3-10,4.1-12 

and  bandwidth  (TV).  4.1-1 2.  «.0 
and  beam  current;  8.0 
transfer  functicn  (MTF);  8.0 
and  bandwidth  (TV):  4.1-12 

- and  beam  current  (CRT);  4.4-27 
and  focus  voltage:  4.4-28 

- defined;  3.3-10.  4.1-12.  8.0 

- effect  of  magnification  on;  3.3-1 2 
values  for  typical  displays;  3.3-1 1 

Monitor  (CRT);  4.1-20.8.0 

Monochromatism;  S. 2-23, 8.0 

Monocular 

defined;  3.7-2.  8.0 
inferior  to  binocular;  3.74 

Monoscopic  (defined):  3.7-2 

Monoscopic  versus  stereoscopic  viewing  using  tine-scan 
transparencies;  4.3-10 

Munsell  color  system:  5.2-7.  8.0 

Myopia 

defined;  3.8-2.  8.0 
instrument;  3.6-8 
maximum  image  distance:  3.8-2 
visual  performance  loss:  3.6-3 

N 

Nanosecond;  8.0 

Narrow  band  noise:  8.0 

National  Television  Systems  Committee  (NTSC) 

Near  point 

accommodative  amplitude;  3.64 
defined:  8.0 

importance  in  differential  focus  adjustment:  3.8-7 

Neutral  density  filter:  8.0 

Nodal  points 
defined;  8.0 
of  eye:  3.i-5 

Noise 

acoustic  (see  acoustic  noise) 

criterion  curve  (NC):  6.6-1 1, 6.6-13,  8.0 

electronic 

-defined;  4.1-28 
-special  distribution:  4.1-28 


signal-to-noise  ratio  (also  sec  as  signal-to-noise  ratio) 

4.1-28.4.3-25  through  4.3-39 

visual  (discussion  of  grain):  3.M  , 3.3-1 .3.3-16 

Noise  criterion  curve  (NC):  6.6-1 1,6.6-13,  8.0 

Nonspectral  color;  5.2-12,8.0 

Numerical  aperture;  3.3-5 
defined:  3.2-14.  3.3-5.  8.0 
m luminance  measurement:  3.2-14,3.2  18 
relation  to  other  display  pare  neters:  3 3 5 

o 

Object;  8.0 

Object  space  (defined):  3.8-1. 8.0 

Objective  lens  (illustrated);  3.6-2,  8.0 

Obliquity;  8.0 

Octave;  6.6-6,  8.0 

Ocular  (see  eyepiece  or  eye);  6.0 

One-dimensional  sampling  system;  4.1-2,  8.0 

Optic 

axis:  3.1-2,  8.0 
disc;  3.1-2,  8,0 
neive:  3.1-2,  3.5-8 

Optical  axis  (see  optic  axis) 

Optical  line-scan  image  generator  (see  optical  line-scan 
printer):  8.0 

Optical  line-scan  printer;  4.1-30,  8.0 
Optical  path:  8.0 

Optical  power  spectnim  (OPS);  3.1-8, 8.0 
Optometer:  8.0 
Orthophoria  (see  phoria):  8.0 

P 

Paired  (pair)  comparison;  8.0 
Parallax 

defined;  5.1-3,5.14,8.0 
in  comparators;  5.3-8 
in  controls  and  displays:  6.3-6 
in  stereo  imagery:  5.1-3 


M2 


Parfocality : 3 . 8- 1 , S .0 

Partial  color  blindness  (see  dichromatisml 

Peak  luminance  (CRT);  4.4- 1 , 8.0 

Peak  signal  strength:  8.0 

Peak-to-trough  voltage;  8.0 

Perceived  noise  level  (PNL);  6.6-‘),  8.0 

Performance,  visual  (see  visual  performance) 

Periodic  staggered  interlace;  8.0 
Periphery  (see  vbual  field):  8.0 
Phase,  in  or  out  of:  4, 1 -S.  8.0 
Phoria;  .V7-2I 

adjustment  in  display;  3.7-21 
defined;  3.7-21,3,7-22,8.0 
distribution  of  lateral;  3.7-22 
lateral;  3.7-22 

measurement  of  lateral;  3.7-21 
eso-  and  exiv:  3.7-22 
ortho-;  3.7-21 
vertical:  3.7-22 

Phosphor:  8.0 

defined  (CRT):  4.1-26,  8.0 
fluorescence  in;  4.1-26 
luminance 

-anode  potential:  4.4-5, 4.4-7 

-beam  current:  4.4-4, 4.4-7, 4.4-1 1, 4.4-12 

-matrix:  4.4-‘) 

- phosphor  thickness;  4.4-7 

-phosphor  type:  4.4-6,  4.4-7, 4.4-1 1, 4.4-1 2 
-writing  speed:  4.4-6,  4.4-7.  8.0 
luminous  efficiency:  4.1-26 
persistence:  4.1-26,8.0 

- and  flicker:  4.2- 1 . 4.2-8. 4.2-11. 4.2- 1 3, 4.2- 1 5. 
4.2-17 

triads  (in  color  CRT's);  4.1-22 

Phosphorescence;  4.1-26,8.0 

Photoconductivity;  4.1-2,80 

Photogrammetry  (mensuration):  5.3-1 , 8.0 

Photographic  scale;  8.0 

and  ground  area  covered:  3.5-6 

and  lateral  disparity  of  raised  objects;  5.1-7 

Photokeratitis;  6.8-4,  8.0 


Photometry  8.0 
concepts;  3.2-1 
of  imagery  displays:  3.2-16 

Photopic:  8.0 
vision:  3.2-2 

luminosity  function;  3.2-2,  5.2-10 
Photoreceptors  (of  eye);  3.1-2, 3.5-7 
Photosensor;  8,0 
Picture  (TV) 

color  sequential  system;  4.1-24 
Pitch  (of  a raster);  8.0 
Pixel;  4.1-8,  8.0 
Pianckian  radiator;  8.0 
Point  raster  system;  4.1-8, 8.0 
Point  scan;  8.0 

Point  spread  function:  4.1-18,8.0 
Power  (see  diopter):  8.0 
Precision 

as  different  than  accuracy:  5.3-3 
operator  ability;  5.3-3 

Preferred  frequency  speech  interference  level  (PSIL): 
6.6-9.  8.0 

Presbyopia:  3.6-4,  8.0 

Primary  colors:  5.2-5,  8.0 

Primary  flash  (phosphor):  4.2-1 1 , 8.0 
and  flicker:  4.2-11 
see  also  flash:  4.1-26 

Principal  plane 

defined:  8.0 
of  the  eye:  3.1-5 

iVismatic;  8.0 

Protannmaly;  5.2-23,  6.4-8,  8.0 

Protanopia:  5.2-23,6.4-8,8.0 

Protetype  displays 

evaluation  guidelines:  1 .0- 1 1 
access  to  data  on  use;  3.10-1 
typical  problems:  1 .0-9 
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Piieudocolur;  5.2-.?(i, «.() 

Pseudo-iso^hromatic  chart  (PIC)  color  test;  S.2-22,  8.0 
Pulse  code  modulation  (PCM):  4.4  I‘),  8.0 
Pupil  (of  the  eye)  (see  entrance  pupil) 

Purity  (color)  (denned);  5.2-3,  5.2-13,  8.0 

Q 

Quantize;  8.0 

Quantizing  error;  4.1-0,4.4-10,  8.0 
and  dilCcrential  encoded  PCM:  4.4-19 
and  pulse  code  modulation  (PCM):  4.4-19 
as  a function  of  quantizing  level:  4 '•-26 
as  noise;  4.4-26 

Quantized  signal:  4.1-5,4.4-10 
and  bandwidth  (CRT) 

- judged  image  quality:  4.3-52 
and  baudrate  (CRT):  4.3-35,4.3-52 
and  differential  encoded  PCM:  4.4-19 
and  dither  (CR 1) 

-judged  image  quality;  4.3-53 
and  signal-to-noise  ratio  (CRT):  4.1-5,  4.4-26 
-judged  image  quality;  4.3-35 
and  number  of  scan  lines  (transt'arency):  4.3-56 
and  number  of  visible  contrast  steps:  4.4-25 
and  pulse  code  modulation  (PCM):  4.4-19 

R 

Radiant  energy  (see  radiation):  8.0 

Radiant  flux:  8.0 

Radiant  power  (see  radiant  flux) 

Radiation  (radiant  energy)  safety  (see  safety) 

Radiometry;  8.? 

Raster:  4.1-2,  8.0 
crawl;  4.2-1, 8.0 
luminance:  4.4-1 

-effect  of  beam  current:  4.4-11 

Rayleigh  criterion : 3-3-7,  8.0 

Real  image;  8.0 

Real  pupil:  8.0 

Recognition  (interpreter  performance) 

and  search  (CRT):  4.3-4, 4.3-7, 4.3-8,  4.3-9 
background  of  target  (CRT):  4.3-2, 4.3-3 


contrast  ratio,  display:  '‘.3-41 
military  vehicles  (CRT):  4.3-2,  4.3-3 
military  vehicles  (transparency):  4.3-17 
photo  w CRT:  4.3-3 
photo  vs  scanned  transparency:  4.3-17 
resolution  (CRT) 

horizontal:  4.3-14 
resolution  (transparency) 

ground  distance  per  line  pair:  4.3-17 
scale  of  image  on  TV  camera:  4.3-14 
scan  lines  per  target  (CRT):  4.3-2,  4.3-3, 4.3-14 
stereo  w mono  (transparency):  4.3-1 7 
visual  angle  subtended  by  target  (CRT):  4.3-2,  4.3-3 

Red-green  color  blindness  (see  dichromatism ) : 8.0 

Reference  achromatic  color  (neutral  point  on  CIL  chro' 

maticity  diagram) ; 5.2-13 

Reflectance 

as  a color  dimension;  5.2-3 

in  conversion  of  illuminance  to  luminance;  7.3-1 

Refractive  error 

difference  between  the  two  eyes:  3.8-3 
distribution  in  the  population;  3.8-3 

Refresh  rate  : 4.2-1 

and  CRT  luminance:  4.2-1  througli  4.2-24, 4.4-7 
and  flicker  suppression:  4.2-1 1, 4.2-13 

Registration  (see  binocular  image  registration) 

Relative  humidity  (see  air  conditioning) 

Relative  luminosity : 3.2-2,5.2-10 

Resolution  (TV):  8.0 

and  aperture  equalization:  4.4-28 
and  bandwidth  in  CRT  displays:  4.4-16,  4.4-20 
effect  on  target  detection  and  response  time  in  CRT 
displays;  4.3-48 

Resolving  power ; 3.3-17 

Response  latency:  8.0 

Response  time  (interpreter  performance) 
display  contrast  ratio  (CRT) 

-target  detection;  4.3-46 
-target  recognition:  4.3-44 
resolution  (CRT) 

-target  detection:  4.3-1 1, 4.3-12, 4.3-14 
scale  of  image  on  TV  camera 

-target  detection:  4.3-13,4.3-14,4.3-46 
scan  lines  per  target  (CRT) 

-target  detection:  4.3-13, 4.3-14, 4.3-45, 4.3-4 
signal-to-noise  ratio 

-target  recognition  (CRT):  4.3-28 
signal-to-noisc  ratio  (CRT):  4-3-28 
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Resting  position  of  accommodation  (RPA);  3,6-6,  H.O 
Reticle:  5,3-«.8,0 
Retina;  3.1-2,  8,0 
Retinal 

illuminance:  3.2-5,3.2-10 
image  si^e;  3,1-6 

Retrace  (CRT):  4.1-1, 4. 1 -2.  8.0 

Reverberation  : 6.6-16,  8.0 

Reverberation  time : 6,6-16,  8.0 
preferred  value:  6.6-16 

Ripple:  8.0 

Ripple  modulation;  4.4-3, 4.4-21, 8.0 

rms  noise  (see  also  signal-to-noise  ratio);  4.1-28,  8.0 

Rod  (receptor  of  eye):  8.0 

luminance  level  of  function:  3.2-2 
distribution  on  retina;  3.5-7 

Rotation  of  the  eye 
geometry:  3.1-7 

and  vignetting  with  the  microscope:  3.5-12 

Royal  Aircraft  Establishment  (RAE)  font  (see  alphanu- 
meric symbols);  6.4-3 

s 

Safety 

cathode  ray  tubes  (CRT’s);  6.8-16 
during  maintenance:  6.9-10 
electrical:  6,8-13 
heat;  6.8-15 

high-energy  light  sources;  6.8-16 
ionizing  radiation:  6.8-12 
me-'hanical  hazards:  6,8-15 
nonionizing  radiation:  6.8-1 

- far  infrared  (I4(X)-10^  nm):  6.8-11 
-effect  on  eye  (summary):  6,8-2 
-microwave:  6.8-11 
-near  ultraviolet  (315-400  nm):  0.8-7 
-toxic  substances:  6.8-15 
-ultraviolet  (200-215  nm);  6,84 
-units;  6.S-3 

-visible  anu  near  infrared:  6.8-8 

Sampling;  8.0 

electro-optical  signal 

-one  dimensional : 4. 1 -2, 4. 1 -5 
-two  dimensional;  4.1-8 


Saturation  (color);  8.0 

conditions  causing  shift:  5.2-27 
perceptual  dimension:  5.2-3,  5.2-6 
related  to  purity:  5.2-3 

Scale  factor  (see  photographic  scale):  8.0 

Scale  number;  8.0 

Scan  lines:  8.0 

and  heiglit  detection  (transparency):  4.3-19 
and  quantizing  levels 

-vehicle  identification;  4.3-56 
and  target  clas'ificadon  (transparency):  4.3-16, 

4.3- 18 

and  target  detection  (CRT):  4.34 

- display  contrast  ratio:  4.345 

- gray  shades;  4.345 
-target  size:  4.3-68 

and  target  detection  (transparency):  4.3-18 
and  target  identification 
-CRT:  4.3-6 
-transparency:  4.3-16 

and  target  orientation  detection  (transparency): 
4..3-13 

and  target  recognition  (CRT);  4.3-2  4.3-3, 4.34, 

4.3- 17 

Sc.m  line  width 

and  beam  current:  4.44 

Scanning  field  (see  field,  television):  8.0 

Scatter  of  light  in  C 4T’s:  4.4-30, 4.4-33 
in  optical  displays:  3.2-54 

Schematic  eye ; 3.1-5, 8.0 

Scintillation : 4.2-1 , 8.0 
and  interlace:  4.2-2,  8.0 

Scotopic;  8.0 

luminance  level:  3.2-2 

Screen  display 

defined:  30-1,8.0 

Screen  image  (see  screen  display) 

Script  letters  as  test  target : 3.1-15 

Search 
also  see 

-search  performance 

-search  (reconnaissance  with  forward  looking  TV) 
-search  (scanning  a frame) 
magnification:  5.4-2 

techniques  for  ensuring  that  all  of  imagery  is  viewed: 
5.44 
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Scorch  perfurmance 

and  automatic  control  of  eye  position:  5.4-5 
and  display  Held  siite:  5.4-(> 
and  target  size:  5.4-5 

correct  versus  incorrect  response  rates:  5.4-7 
lactors  that  interfere  with  vision:  3.1-35 

Search  (reconnaissance  with  forward  looking  TV) 
aircraft  detection:  4.3-4 
bandwidth:  4.3-7, 4.3-«.  4.3-‘), 4.3-10 
bridge  detection:  4.3-4 
building  recognition:  4.3-4 
contrast  (C',„)  and  target/background:  4.3-4,  4.3-10 
oil  storage  (I’OL)  tanks:  4.3-4 
resolution  (C  RT):  4.3-7 
scan  lines  per  target : 4.3-4 
size  of  target:  4.3-^) 

TV  lines:  4.3-7.  4.3-8,  4.3-9,  4.3-10 
visual  angle  subtended  by  target:  4.3-4 

Search  (scanning  of  a frame) 

mono  vs  stereo  (transparency):  4.3-17 

military  trucks,  recognition  in  transparency:  4.3-17 

resolution  (transparency) 

-ground  distance  per  line  pair:  4.3-17 

Secondary  displays:  6.4-1 
auditory  displays:  6.4-9 

cathode  ray  tube  (CRT)  symbo<  dimensions:  6.4-2 
discrete  alphanumeric  displays:  6.4-7 
indicator  liglits:  6.4-9 
-color  code:  6.4-9 

relation  to  controls:  (see  control/display  layout); 

6.3-1 

Self-scanning:  4.1-8,  8.0 

Sequential  interlace:  4.2-2,  8.0 

Sequentially  scanned  (high-order  interlace  systems):  4.2-2, 

8.0 

Shadow  mask : 4.1-22,  8.0 
and  CRT  resolution:  4.4-22 

Signal-to-noise  ratio:  4.1-28,8.0 

addition  of  two  independent:  4.4-26 
and  edge  sharpending  (CRT) 

-target  recognition:  4.3-65 
and  quantizing  levels 

-judged  image  quality:  4.3-36 
and  target  size 

-target  recognition:  4.3-27 
-response  lime:  4.3-28 
and  target  spatial  frequency 

-sine  wave  target:  4.3-31,4.3-32,4.3-33,4.3-34 
-square  wave  target : 4.3-30 
as  an  expression  of  quantizing  error;  4.4-26 


narrow  band  noise 

sine  wave  target  recognition:  4.3-31 
-judged  image  quality:  4.3-38 
noise  spectrum 

- sine  wave  target  detection:  4.3-32 

- judged  image  quality;  4.3-36, 4.3-38 
noise  strength 

-sine  wave  target  detection;  4.3-33 
Sine:  8.0 

Sine  modulation;  8.0 

Sinusoidal  grating  (illustration);  3. 1 - 1 3,  8.0 

Small  field  flicker;  4.2-1 . 8.0 

Snellen 

acuity;  3.1-14 
letter:  3.1-13 

SNR  (see  signal-to-noise  ratio) 

Snow  (in  CRT  displays);  4.2-2,  8.0 
Sound  (see  acoustic  noise) 

Sound  level  (SL) 

Sound  pressure  level  (SPL) 

Spatial 

acuity:  8.0 
distribution:  8.0 
frequency;  8.0 
-units:  3.1-9 

Specific  resolution  (coefficient  oO:  3.1-33,  8.0 
Spectral 

colors:  5.24,5.2-12,8.0 
locus  (see  spectrum  locus) 
sensitivity  of  retinal  receptors:  3.2-2 
transmission  of  color  film:  3.241 , 8.0 
tristimulus  values  (color  matching  functions):  5.2-10, 
8.0 

Spectrum 

electromagnetic:  5.2-4, 8.0 
locus;  5.2-12 

Specular 

reflection;  8.0 
surface:  8.0 

Speech  interference  level  (SIL);  6.6-9,  8.0 
Spherical  aberration  (see  aberration):  8.0 
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Spot  (CRT):  S.O 

current  distrilnilioii  in:  4.l-l() 
luminance 

anode  potential:  4.4-7 
beam  current:  4.4-4, 4.4-1 1, 4.4-1 2 
shape:  4.1 -lb, 4.1-18 

■ ertcct  of  deflection  on:  4.1-18 
si/e:  4. Mb 

-anode  potential:  4.4-5 
•hori/.ontal  resolution:  4.1-5,4.1-20 
vertical  resolution:  4.1-5 
-writing  speed:  4.4-b 
wobble  (CRT):  4.3-24,  8.0 

-effect  on  judged  quality  of  CRT  image:  4.3-24 

Spot  spread  function:  4.1-lb.  4.1-18,  8.0 
and  banding  (transparencies) 

effect  on  judged  interpretability:  4.3-74, 4.3-7b 
and  jitter  (transparencies) 

-effect  on  judged  interpretability:  4.3-74,4.3-76 
effect  on  judged  interpretability:  4.3-71 

Square-wave  grating  (illustration):  3.1-13,  8.0 

Stage  (with  microscopes):  3.8-1 , 8.0 

Stage  movement;  3.8-1 

Staggered  interlace  (TV);  4.2-2,  8.0 

Standard  deviation;  8.0 

Standard  observer  (CIE):  5.2-9,  8.0 

Stereo:  5.1-1 

acuity:  5.3-8,  8.0 

acuity  and  field  size:  3.5-14 

acuity  and  illumination:  3.2-24 

acuity  and  viev/ing  distance:  3.6-9 

anaglyphic  viewing:  5.1-13 

contribution  to  height  discrimination:  5.1-1, 5.1-12 

definitions  and  terms;  5.1-1, 5.1-3 

correct  viewing:  5.1-4 

crossed  (converging)  and  uncrossed  (diverging)  disparity: 
3.7-14,  5.1-3 

reversed  (inverted)  viewing:  5.1-5 
depth  perception  ability;  5,1-8 
image  rotation  and  interchange;  3.10-14 
limits  of  depth  perception;  3.7-14,  5-1-11 
parametric  relationships:  5.1-6 
photogrammetry  (mensuration):  5.3-8,  8.0 
test  with  realistic  confusion  cues:  5.1-9 
unaided  stereogram  vieiwng;  5.1-13 
versus  mono  with  line-scan  transparencies:  4.3-19 

Stereopsis  (see  stereo):  8.0 

Stereoscopic  (displays);  5.1-1, 8.0 


Stiles  Crawford  effect:  3.2-7,  8.0 
and  relative  brightness:  3.2-7 
correction  for:  3.2-7 
effect  on  retinal  iiluininancc:  3.2-1 1 
effectivity  ratio:  3.2-7 

Stroke  width  (see  alphanumeric  symbols) 

Subcarrier'  8,0 

Subtractive  color;  5.2-5,  8.0 

Surface  color:  8.0 

Sweep  circuit:  4.1-2,  8.0 

Symbols  (see  alphanumeric  symbols) 

System  response  time  (user  tolerance):  6.7-5 

T 

Target 

visual  test  (types);  3.1-13 

-and  impact  of  performance  criteria  on  measured 
performance:  3.1-12 

Temperature,  ambient  air  (see  air  conditioning) 

Temporal  variation  (modulation)  in  illumination  (see 
CFF) 

Third-field  lag  (also  lag):  4.4-29 

effect  on  resolution  of  moving  images:  4.4-29 

Tliree-dimensional  color  space  (for  CRT’s):  5.2-19, 8.0 

Threshold  contrast  (see  contrast  threshold) 

Total  color  blindness  (see  monochromatism) 

Trackball  (see  controls):  8,0 

Transmission  (of  light);  8.0 

Transmittance:  8.0 
of  film:  ^2-19 
as  a color  dimension;  5.2-3 

Transparency  (as  dimension  of  color);  8.0 

Triad  (in  color  CRT's):  4.1-22,8.0 

Tri-bar  test  target  (USAF);  3.1-13. 8.0 

Trichromatism:  5.2-23.  8.0 

Trinitron:  4.1-22,8.0 
resolution  with:  4.4-22 
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Tristimulus  values  (in  CIE  chromaticity  system): 

8.0 

Tritanopia:  5.2-23.  8.0 

Troland 

defined:  3.2-5,  8.0 
conversion  graplis:  3.2-10,  3.2-1 1 

TV  line:  4.1-10.8.0 

Two-dimensional  sampling:  4.1-8,  8.0 

I 

Ultraviolet:  8.0 

and  fluorescence  in  eye:  3.2-35 
exposure  limits  (see  safety) 

Uniform  chromaticity  scale  (UCS):  5.2-14,  8.0 

V 

Value  (in  the  Munsell  color  system):  5.2-3,  5.2-7, 8.0 

Variance:  8.0 

Vartabedian  font  (for  CRT's)  (see  alphanumeric  symbols) 

Veiling  luminance:  3.2-54,  7.3-5, 8.0 
in  CRT’s:  4.4-35 

Ventilation  (see  air  conditioning) 

Vergence  (of  light  rays):  3.6-2, 8.0 

Vernier  acuity:  8.0 

and  illumination:  3.1-14,3.2-24 
defined:  3.1-13 

Vertical  alignment  (see  binocular  image  registration):  8.0 

Vertical  disparity  (see  binocular  image  registration):  8.0 


Vignetting:  8.0 

Virtual  image:  8.0 

Visible  spectrum:  3.2- 1 , 8.0 

Visual  acuity:  8.0 

and  refractive  error:  3.6-3 
defined:  3.1-14 

Visual 

acuity 

- and  refractive  error:  3.6-3 
-defined:  3.1-14,8.0 

angle  (defined):  3.1-8.  8.0 

- and  target  recognition  (CRT):  4.3-2, 4.3-3, 4.3-4 
axis:  3.1-2,  8.0 

field 

-defined:  3.5-2 

-limits  (with  no  obstructions):  3.5-8 

- variation  of  visual  performance  across:  3.5-9 
performance  and 

-average  performance  curve:  3.1-19 
-cyclical  targets:  3.1-19 

-eye  accommodation/convergence  match:  3.7-1 1 

-eye  pupil  size:  3.1-33 

-factors  that  reduce  performance:  3.1-35 

-illuminant  spectral  distribution:  3.2-33 

-location  in  visual  field;  3.5-9 

-luminance:  3.2-21 

-noncyclical  targets:  3.1-17 

-number  of  cycles  visible:  3.1-26 

-refractive  error:  3.6-3 

-special  luminance  distributions:  3.1-29 

-target  exposure  time:  3.1-37 

-target  shape:  3.1-16 

-target  orientation:  3.1-32 

-target  velocity:  3.10-3 

-test  target  type;  3.1-13,  3.1-15,  5.1-9 

-units  that  describe  target  size:  3.1-8,  3.1-9,  3.1-14 

-units  that  describe  target  contrast;  3.1-10 

-variability  between  subjects:  3.1-18 

-viewing  distance:  3.6-9 


Vertical  resolution:  8.0 

and  Kell  factor:  4.1-5,4.1-10 


Vitreous  humor’  3.1-2,  8.0 
refractive  index:  3.1-5 


Vertical  retrace:  4.1-2, 4.1-3, 8.0 

number  of  scan  periods  taken:  4.1-10 

Viewing  distance  (image  distance) 

adjustment  range  (focus  control);  3.8-2 
and  visual  performance:  3.6-9 
cathode  ray  tube 

-effect  of  number  of  TV  lines;  4.3-66 
defined  for  aerial  image  displays:  3.6-2 
focusing  (accommodative)  ability  of  eyes:  3.6-4 
in  screen  displays:  3.6-10 
preferred  microscope  focus  distance:  3.6-8 
resting  position  of  accommodation  (RPA):  3.6-6 


w 


Wavelength  8.0 
and  acuity:  3.2-34 
and  hue  names:  5.2-4 

dominant  wavelength  in  description  of  color:  5.2-13 
of  colors  in  anglyphic  stereo:  5.1-13 
of  illuminant  with  color  film:  3.2-38 


White  noise:  8.0 


Working  distance:  i .0-10,  8.0 
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Workspace 

access  for  maintenance:  (>.‘>-3 
individual  workstations:  6.1-1 
passages:  7.1-2 

Workstation  configuration:  6.1-1, 6.1-S 
antliropometric  data:  6.M 
console  dimensions:  6. 1 
eyepiece  elevation  angle:  6.1-5 
eyepoint  elevation:  6.1-4 
fi.\ed  eyepoint  displays:  6.1-4 
manual  work  area:  6.1-8 
visual  work  area:  6.1-7 

Writing  speed  (CRT):  8.0 
and  luminance:  4.4-6 
and  spot  diameter:  4.4-6 

X 

X-ray  (see  safety  - ionizing  radiation) 

z 

Zoom  magnification  (advantages):  3.3-2,  5,4-2 


